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ABSTRACT 
EFFECTS OF FIRE MITIGATION ON POST-SETTLEMENT 
PONDEROSA PINE NON-STRUCTURAL CARBOHYDRATE ROOT 
RESERVES 
MAY 2008 
JONATHAN THOMAS PARROTT, B.S., SAINT LAWRENCE UNIVERSITY 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Wesley R. Autio 
This investigation involved post-colonial (~85 years old), ponderosa pine (Pinus 
ponderosa var. scopulorum Engelm.) growing at -2,255 m in northern Arizona an area 
that historically experienced a wildfire event every 5-20 years. Such fires were typically 
limited to surface fuels and thus seldom effected stand replacement. However, since the 
settlement of European peoples in approximately the 1880’s fire cycles have been 
dramatically altered by the systematic suppression of all wildland fire. This change 
greatly increased seedling survivorship, and has resulted in a forest with historically 
unprecedented stem densities. Under current conditions, with individual trees receiving 
insufficient nourishment, many ponderosa pine forests have demonstrated stagnated 
growth and increased risk of pathogenic attack or catastrophic wildfire. 
In response to deteriorating forest conditions and the building threat of wildfire 
many forest managers are exploring methods of reestablishing natural cycles to restore 
historical stand dynamics. Typically this effort has included timber harvesting and/or the 
use of prescribed fire. In this application timber harvesting typically involves removing 
vi 
the younger cohort of post-settlement trees. While the objectives of prescribed fire are 
similar to timber harvesting, fire is by its nature less precise; treatment can not be limited 
to a target demographic. As a result, the application of prescribed fire can lead to 
different stand conditions than tree removal. It is also common (especially under extreme 
stem densities) to have a timbering operation precede a fire treatment. The impact of 
these three scenarios on residual ponderosa pine tree reserves is not well understood. 
This project has taken part in cooperation with the USD A Forest Service and the 
national Fire and Fire Surrogate task group. The experiment was arranged with a 2 x 2 
factorial design which resulted in four treatments. Plots were either timber harvested, 
burned with prescribed fire, cut than burned, or left untreated with treatment application 
occurring in 2002-03, three years prior to initial sampling. Trees were sampled with one 
of two methods. Initially a randomly selected coarse lateral root was mechanically 
exposed for three meters; roughly the average canopy drip line radius whereupon root 
tissue was extracted at intervals starting at the root collar. This disruptive method was 
eventually replaced by limiting sampling to the root collar. To slow metabolic activity 
root tissue samples were field chilled before being oven dried. Dried samples were 
ground through a 40# mesh and then triple-extracted with ethanol for carbohydrate 
quantification with high performance liquid chromatography (HPLC). Carbohydrate 
samples were processed at the University of Massachusetts Cranberry Experiment Station 
in Wareham MA. with an ion exchange column and a refractive index detector using 
water as a mobile phase. Starch quantifications were conducted on sub-samples by 
Vll 
Cumberland Valley Analytical Services INC. (Maugansville, MD.) using an alpha- 
amylase digestion and color metric evaluation on an Astoria auto analyzer. 
As a result of this project it was determined that the ponderosa pine root non- 
structural carbohydrate components are sucrose, glucose, fructose, xylose and starch. 
Reserve concentrations of soluble (EtOH) carbohydrates declined significantly between 
May and August on plots that were not treated with prescribed fire, burning eliminated 
this seasonal difference. Starch and total non-structural carbohydrates were also found to 
be lower in August (compared to May) suggesting that during the summer (May - 
August), ponderosa pine must draw upon reserves. It was also found that carbohydrate 
concentrations increased significantly with distance from the root collar. When sampled 
on a monthly basis it was determined that carbohydrates, both individually and 
collectively, were significantly affected by the month of sampling and that overall timber 
harvesting reduced total soluble (EtOH) sugar concentrations. It is believed that 
collectively carbohydrate concentrations were a reflection of the bi-modal precipitation 
pattern of northern Arizona; spring snow-melt in particular, appears to have significant 
increased stored reserves. 
Key Words: Pinusponderosa, prescribed fire, restoration, Southwest, thinning 
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CHAPTER 1 
PROJECT OVERVIEW 
Introduction 
Due to the climatic nature of dry forest ecosystems, fire has long been integral 
part of the environment; shaping both species composition and survival strategies 
(Schubert 1974, Amo 1980, Pyne et al. 1996). This cycle of growth and thermal 
decomposition worked harmonically in the forests of western North America for 
thousands of years until the arrival of European-descended colonists approximately two 
hundred years ago. These new residents and their growing communities have effected 
changes in fire frequency and thus fire severity (Cooper 1960, Amo 1980, Covington and 
Moore 1994, Amo et al. 1995, Pyne et al. 1996). Thus as a consequence of both swelling 
populations and urban sprawl fire-danger-reduction efforts in forests dominated by 
ponderosa pine (Pinus ponderosa) more necessary than ever. 
Mature ponderosa forests are typified by an irregular group arrangement of large 
stems growing over drought-resistant grasses (Cooper 1960, Schubert, 1974, Amo et al. 
1995, Feeney et al. 1998); they are often described as being park-like and esthetically 
attractive. Such areas have surrounded many western communities since their inception. 
However, colonization and development are dynamic by nature. In time these 
communities expanded, colonizing surrounding areas for residential use. This growth 
has been enabled by several factors including technological advances in transportation 
and building methods, as well as employment diversification. In many such cases, new 
constructions have placed structures within the forest; making them subject to the same 
disturbance events as the surrounding woodland. All too often such development places 
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human resources in an environment that has been fire maintained for thousands of years 
(Covington and Moore 1994, Pyne et al. 1996). 
v 
Ponderosa Pine 
As recently as a century ago, the ponderosa pine (Finns ponderosa var. 
scopulorum Engelm.) forest type covered approximately 40 million acres of the western 
United States (Pyne et al. 1996, White 1985, Van Hooser and Keegan 1988). Since that 
time, ponderosa pine has continued to dominate while expanding its range (Amo et. al. 
1995). Ponderosa pine evolved with a disturbance rotation interval of 5-30 years 
involving both frequent surface fires and infrequent mixed-severity and stand- 
replacement fires (Weaver 1951, Boldt and Van Deusen 1974). However, as a result of 
fire suppression most areas of ponderosa pine have missed several fire cycles and have 
not burned in 80 to 100 years, leading to stands that now include a greater component of 
small-diameter trees, fewer large trees, and more forest fuels than were present in pre¬ 
settlement times (Parsons and DeBenedetti 1979, White 1985, Mutch 1994, Feeney et al. 
1998). When wildfires occur in this historically unprecedented forest, they often bum 
with high levels of fire behavior and may threaten human resources (Pyne et al. 1996). 
Consequently, efforts have been made to reduce fuel levels to lower fire danger. 
Ponderosa pine is one of North America’s most widespread conifers; a common 
component of western mid-elevation dry forests (Schubert 1974, Oliver and Ryker 1994). 
This species is most dominant on well-drained, nutrient-poor soils, where bimodal 
precipitation is ~50 cm/year; falling in late winter as snow and during the monsoon 
season which typically occurs in late July (Schubert 1974, Bailey and Covington 2002). 
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Because of the xeric nature of this forest environment, frequent, low intensity, surface 
fires are an ecological influence that has favored ponderosa dominance (Schubert 1974, 
Bailey and Covington 2002). Such fires have historically suppressed both inter- and 
intraspecific competition (Bailey and Covington 2002). Typically, large pre-colonial 
ponderosa were not affected by such disturbances, as their thick, low-density bark and 
grouped arrangement prevented fires from escalating. Because of recent changes in 
forest demographics and thus increased fire behaviors, the evolutionary adaptations 
which have historically allowed large ponderosa pines to survive wildfires are no longer 
offer sufficient thermal protection. 
Wonton timbering, over-grazing, and fire suppression have greatly changed the 
naturally low fecundity of ponderosa pine (Schubert 1974, Madany and West 1983, 
Bailey and Covington 2002). Historically ponderosa seedling success has been 
comparatively poor because the conditions necessary for seedling establishment are 
themselves uncommon (Pearson 1923, 1934, Hiedmann et al. 1982, White 1985). Pre¬ 
colonial regeneration rates in northern Arizona have been calculated to be as low as 3.6 
trees/hectare/decade (Mast et al. 1999). However, since colonial times (~1890’s), forest 
dynamics have been greatly changed. Change began with a logging industry that 
harvested and exported many old growth ponderosa stands for use in the expanding 
industrial revolution. A second insult to the forests was the introduction of fences and the 
ensuing grazing pressure from both sheep and cattle. The consequence of which was a 
reduction in the grass cover that had once allelopathiclly restricted seedling establishment 
(Madany and West 1983). The last, and perhaps the most influential change made by 
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pioneering frontiersmen was the adoption of the attitude that universal fire suppression 
was a necessity for forest health. 
Post-colonial forest change has yielded a landscape dominated by young trees. In 
northern Arizona most ponderosa pines can be attributed to the 1918/19 seed year 
(Schubert 1974). As a consequence of this significant cohort, the unprecedented forest is 
over-stocked leading to considerable competition for naturally limited resources. Such 
forests are highly stressed and often more susceptible to forest disease or insect attack 
(Larson et al. 1983, Schmid and Mata 1992, Olson et al. 1996). However, despite poor 
forest health throughout much of its range, ponderosa stands can be invigorated by 
reducing competition (Kolb et al. 1998). In the Southwest, thinning dense ponderosa 
stands has increased water and nitrogen uptake, growth and pathogen resistance (Myers 
and Martin 1963, McCambridge and Stevens 1982, Feeney et al. 1998, Kolb et al. 1998, 
Stone et al. 1999). Similar release effects have been observed following prescribed fire 
treatments (Peterson et al. 1994, Skov et al. 2005). 
Due to its prominence in the American forested landscape, ponderosa pine has 
been well studied (Schubert 1974, Oliver and Ryker 1994). However, the majority of this 
work has centered on the life cycle of ponderosa pine and how its growth habits relates to 
timbering or fire danger. Our understanding of how this species behaves below-ground 
with respect to nutrient reserves is poorly documented. In addition, works that have 
considered ponderosa roots largely have been limited to seedling stock (Lawson 1961, 
1963, Anderson et al. 1997). 
4 
Consequences of fire suppression 
Historical and dendrochronological records show that average fire intervals for 
ponderosa pine forests typically ranged from 5 to 30 years (Bailey and Covington 2002, 
mention some ponderosa dominated areas that were burned every three years), with low 
to medium intensity fires common (Amo 1980, Smith and Fisher 1997). However, fire 
suppression has been effective in reducing the number of fire cycles in dry coniferous 
forests (Mutch 1994). Regardless, wildfire suppression often leads to more intense fires 
in these areas due to the build-up of fuels and promotion of other conditions conducive 
to severe fire hazards (Pyne et al. 1996). 
Interrupting the natural cycle of wildfire affects vegetation composition and 
structure and thus the behavior of wildfire once it returns to an area (Smith and Fischer 
1997). In particular, considerable attention has been given to the development of dense 
stockings of small trees, and their contribution to fire severity. Such conditions are now 
common in ponderosa forests as fire suppression coupled with grazing pressure have 
resulted in stands of dense, small-diameter trees in areas once dominated by irregularly 
spaced old-growth trees (Schubert 1974, Madany and West 1983, White 1985, Covington 
and Moore 1994, Sesnie and Bailey 2003). In many instances, fire exclusion has 
allowed this generation of young trees to form a second forest canopy stratum (Schubert 
1974, Covington and More 1994, Amo 1995). This additional layer provides vertical fuel 
continuity creating a “ladder effect” which allows surface fires to ascend into the canopy, 
and propagate into crown fires. Such fires are often described as stand replacing as they 
can affect considerable tree mortality. 
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Safe Space on the Urban Interface 
As mentioned earlier, ponderosa pine is a dominant timber type of the western 
\ 
United States, much of which due to fire suppression, contains historically unmatched 
fuel loads and accompanying fire danger (Cooper 1960, Parsons and DeBenedetti 1979, 
Amo 1980, Covington and Moore 1994). This risk is most acute where development 
and human assets interact with the forest (Velez 1990, Butry et al. 2001, Steelman and 
Kunkel 2004). So-called “urban interfaces” are common and require large-scale efforts 
to manage the wildfire threat. Treating these areas is particularly important as they 
often contain the greatest need for fire suppression in concert with multiple sources for 
ignition. While the forest interface occurs in many different forest types, it is most 
dangerous in dry, pine forests that have been altered from their historic fire regimes 
(Steelman and Kunkel 2004). 
To address the threat of wildfire it has become necessary to alter both 
construction techniques and patterns of development. In doing so, “defensible space” 
may be created by eliminating both combustible materials and flammable vegetation 
from the immediate vicinity of structures. Substituting, non-flammable materials and 
lush vegetation (i.e. with a high water content) for traditional building materials and 
natural vegetation to meet the needs of the property will also retard fire propagation. It 
is worth noting that wildfire-threatened structures are likely to be in a dry climate where 
water is naturally scarce and that landscaping with “lush vegetation” may be 
ecologically inappropriate. In such cases, xeriscaping and utilizing inorganic ground 
coverings (crushed rock or native sands) perhaps should be considered as an alternative. 
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To maximize the effectiveness of a fire buffer, landscape-management decisions 
should be made together with the employment of non-flammable building materials. In 
particular, roofing materials need to be chosen well. It is worth clarifying that the 
employment of a “defensible space” will not prevent wildfires. Instead, should a 
wildfire approach a resource employing a “safe space” or “green moat” the protective 
adjustments will reduce fire behavior to a point where it will be unable to engage the 
structure or will proceed in such a way to facilitate suppression. To maximize local 
resource protection efficacy, it is often necessary to treat more than the area 
immediately surrounding structures but also to include a buffer zone. This community 
protection strategy centers on fuel reduction and typically involves mechanical thinning, 
prescribed fire, or a combination of both. 
Thinning 
One possible remediation for unhealthy forest conditions is the adoption of 
silvicultural thinning (i.e., logging of small-diameter trees to reduce stem densities) to 
restore historically appropriate stand conditions and thus potentially reduce the intensity 
of future wildfires. Despite the considerable media and legislative attention to the recent 
Healthy Forests Initiative which involves fuel load-reduction thinning and restoration 
via forest harvest, the issue remains divisive within the scientific community largely 
because its effects are still somewhat unknown (McCambridge and Stevens 1982, Stone 
et al. 1999, Bailey and Covington 2002). Some studies indicate that thinning treatments 
designed to reduce fire risk are actually counterproductive, increasing both the risk and 
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severity of fires (Huff et al. 1995). In particular. Countryman (1955) reported that 
despite a reduction in fuel load, thinning treatments also lead to drier forests and higher 
winds, conditions which favor fire propagation more than tree health. 
Unfortunately, timber value is positively correlated with stem diameter; making 
small diameter, post-colonial ponderosa pine less desirable (Wolfe and Moseley 2000). 
Thus, thinning small diameter trees may be ecologically revitalizing and result in 
reduction of wildfire risk but present few financial incentives to motivate harvest 
(Kurmes 1989). This situation may be changing as the growing forest yield of small 
diameter wood has stimulated a biomass fuel industry. 
To balance wildfire protection with expenditures, treated areas should be 
targeted to maximize benefits. The most appropriate place to apply forest thinning is 
adjacent to human communities threatened by wildfires. However, in order to provide 
continued safety benefits such thinning needs to be followed up by a program of regular 
prescribed burning. 
Prescribed Fire 
Many scientists agree that the best way to reduce wildfire risk in the rural-forest 
interface and surrounding areas is through the reintroduction of fire (Walstad et al. 1990, 
Mutch 1994, Amo 1996, Frost 1999, Brose et al. 2001, USDA Forest Service and US 
Department of Interior 2006). Prescribed fire appears to be the most effective means for 
controlling the rate of spread and severity of future wildfire (Van Wegtendonk 1996, 
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Stephens 1998). Consequently, prescribed fire is being employed more commonly as a 
management tool. However, despite increased implementation, the numbers of acres 
treated annually are far fewer than are necessary to restore natural fire cycles 
nationwide. More burning is needed to restore many ecosystems to their historic fire 
regimes (Mutch 1994, Amo 1996, Wright and Bailey 1982, USDA Forest Service and 
US Department of Interior 2006). It requires mention that many ecosystems have been 
denied fire for such a long time that significant ecological changes have occurred. 
Reintroduction of fire in such an instance may have damaging effects. Consequently, 
in some instances, mechanical treatments (e.g., thinning) should be applied to reduce 
fuel loads to a point where prescribed fires can be effectively controlled (Mutch 1994). 
Carbohydrate reserves 
Carbohydrates are the primary source of reserve energy available to woody plants 
(Fisher and Holl 1992, Teskey et al. 1995, Wilson et al. 1995, Ludovici et al. 2002, 
Verdauguer and Ojeda 2002). These stored reserves have been linked to stress (Laurence 
et al. 1994), recovery success from disturbance (Smith 1981, Fisher and Holl 1992, 
Tschaplinski and Blake 1994), and overall vigor (Kays and Canham 1991, Tschaplinski 
and Blake 1994). As a result, it has been deemed a worthwhile effort to quantify such 
stores (Grulke et al. 2001). Collectively these sugars and starch are typically referred to 
as total non-structural carbohydrates (TNC) which are the products of photosynthesis that 
may stored or be mobilized for translocation throughout a plant (Loescher et al. 1990, 
Teskey et al. 1995, Wilson et al. 1995). 
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Carbohydrate reserves in roots and shoots of plant species provide an energy 
source to support growth and respiration prior to leaf-out (and subsequent production of 
photosynthate) as well as after disturbance such as herbivory or fire (Cook 1966, 
Loescher et al. 1990, Kozlowski 1992, Rodgers et al. 1995, Sakai et al. 1997). These 
reserves vary seasonally (Donart 1969, Kramer and Kozlowski 1979, Loescher et al. 
1990, Johansson 1993) and are normally depleted during budbreak and subsequent 
growth in the spring before being replenished during the growing season. It must also be 
recognized that although typically minimal, dormant season respiration also draws upon 
carbohydrate reserves. This cycle of storage and utilization is evident in both woody and 
herbaceous perennial species (Cook 1966, Coyne and Cook 1970, Westhafer et al. 1982, 
Zasada et al. 1994, Richburg 2005). Management actions can have differing, long-term 
effects, depending on when they are applied during this cycle (Loescher et al. 1990, Kays 
and Canham 1991, Richburg 2005). 
Early studies of carbohydrate reserves involved range and agricultural / 
horticultural species and focused on the effects of defoliation (browsing) on herbage 
yield, rate of growth, and carbohydrate storage (Cook 1966, McConnell and Garrison 
1966, Donart 1969, Priestley 1970). Cook reported in 1966 that stem elongation and rate 
of spring growth for big sagebrush {Artemisia tridentata) is proportional stored 
carbohydrate reserves. More recent studies have determined the relationship between 
carbohydrate reserves and the growth, establishment, and vigor of non-fruitbearing trees 
(Abod and Webster 1991, Johansson 1993, Zasada et al. 1994). Bowen and Pate reported 
in 1993 that fire-resistant resprouters (such as blue boy, Stirlingia latifolia) have 
disproportionately large roots containing high concentrations of carbohydrates and 
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nutrients compared to species that do not resprout (ponderosa pine being one such 
species). In addition, resprouting species have been shown to grow more slowly, 
indicating that storage of resources may be at the expense of growth rate (Bowen and 
Pate 1993, Sakai et al. 1997). Research on the effects of frequency, timing, and extent of 
defoliation on carbohydrate reserves of trees and shrubs has also been completed 
(Fitzgerald and Hoddinott 1983, Gregory and Wargo 1986, Kays and Canham 1991, 
Renaud and Mauffette 1991, Erdmann et al. 1993). Bowen and Pate in their 1993 work 
with the Australian shrub Stirlingia latifolia, found that after burning, starch reserves 
were nearly depleted within a few months of the beginning of regrowth, and starch levels 
were not replenished until after flowering commenced in the second growing season 
following the fire. It is conceivable that the refoliation effort required of ponderosa pine 
following a fire event could produce similar results. 
In woody plants, the extent of carbohydrate reserves can contribute to the vigor of 
the individual (Kays and Canham 1991). The greater the reserves, the better an 
individual will be able to survive stress. Depleted reserves often result in plant death 
(Gregory and Wargo 1986, Kozlowski 1992). Johansson reported in 1993 that low 
numbers of sprouts or suckers after cutting or defoliation indicate low starch levels in the 
roots of Populus tremu/a. Late-season defoliation can cause a decrease in carbohydrate 
reserves which can impact the vigor of the individual at the beginning of the following 
growing season (Gregory and Wargo 1986, Loescher et al. 1990). Kays and Canham 
(1991) found that for the tree species Acer rubrum, Betula populifolia, Fraxinus 
americana, and Prunus serotina, there was a well-defined period during the growing 
season when a disturbance event would result in both lower fall starch reserves and 
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reduced sprout growth rates the following year. Dormant season disturbance was not 
reported to affect spring sprouting, growth rates, or fall root starch levels. 
v 
Objectives 
• Overall, 2004-08 
The overarching objective of this project was to determine and describe the non- 
structural carbohydrate components of post-colonial ponderosa pine roots and how these 
components are affected by both season and fire mitigation treatment. In short, this 
project sought to utilize ponderosa root stores as a proxy for forest health; to maximize 
sampling efficacy and better understand the impact of both fire protection and 
silvicultural practices. 
• Year One, 2004-05 
The initial year of this project familiarized me with the Fire and Fire Surrogate 
Study (F-FS) and saw the beginning of field work. Preliminary sampling was limited to a 
control plot (at the Rudd’s Tank F-FS instillation) where we determined the non- 
structural carbohydrate components of untreated, post-settlement ponderosa pine roots. 
• Year Two, 2005-06 
Building on lessons learned during year one, sampling was extended to include all 
four Rudd’s Tank treatments at two discrete times. Samples were harvested in May (post 
snow-melt & pre-bud break) and August (pre-monsoon). This effort detailed how both 
treatment and the growing season affected non-structural root carbohydrates. 
12 
To enable future research, a pattern of root collar samples were also harvested. 
This new sampling method which is considerably faster and cheaper was be able to 
sufficiently describe tree carbohydrate status. In addition this sampling year also saw the 
beginning of a monthly root collar sampling. This protocol was able to determine the 
patterns of storage and depletion for all treatments throughout a calendar year. 
• Year Three, 2006-07 
The final year of field work concluded monthly sampling and resolved several 
questions about root variability. These questions were answered by harvesting samples 
from multiple roots per tree and measuring the depth of mechanically extracted root balls. 
This sampling determined if measured data fluctuations may be ascribed to another 
variable. 
Hypotheses 
Due to historically unprecedented stem densities, ponderosa pine across much of 
its range experiences high levels of competition for limited resources where soil moisture 
availability is most often considered the most restrictive factor for growth (Oliver and 
Ryker 1994). Consequently, it is believed that a release treatment that reduces 
competition for water will allow for an improvement in stand health. We believe that 
because treatments represent disturbance stands will initially display a reduction in vigor. 
Thus, during the timeframe of this project (2-5 years following treatments) we predicted 
that burning, cutting, or their combination will reduces non-structural carbohydrate 
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reserves below levels from untreated areas. More specifically, we expected that a 
combination treatment where a cut area is later burned will contain lower concentrations 
of stored photosynthate than individual treatments of cutting or burning. 
Methods and Materials 
Study site 
This project involved three study sites (blocks); two replicates are located near A- 
1 Mountain west of Flagstaff Arizona on the Coconino National Forest (35° 16’ 11”N, 
111° 44’ 30”W ) ~ 15 km NW of Flagstaff AZ while a third is located near KA Hill east 
of Williams on the Kaibab National Forest (also in Arizona) (Appendix I). Study sites 
were treated under the guidelines of the Fire and Fir Surrogate (F-FS) project. Each 
block (including a buffer area that is also treated) is approximately 100 ha (-250 acres) 
roughly divided into the four treatment areas which are dominated by 85-year-old 
ponderosa pine originating from a 1918-19 regeneration event (Ronco et al. 1985, Savage 
et al. 1996). The sites are essentially level (<5 % slope), at -2,255 m elevation, and 
considered semi-arid in terms of growth and reproduction rates (Bailey and Covington 
2002). Local soils weathered from both basalt and limestone, with a cinder fraction, and 
are classified as a fine montmorillontic complex of frigid Typic Argiborolls and 
Argiboralfs (Wollum and Schubert 1975, Ronco et al. 1985). This specific area has had a 
mean annual temperature (from 1909-1990) of 6 °C, typically 94 frost-free days, and a 
mean annual precipitation of 56.4 cm, with least half falling in the form of winter/spring 
snowfall (Schubert 1974, NOAA 1990). This region, as is typical of the southwestern 
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United States, experiences a ‘monsoonaF climate with precipitation distributed in a 
bimodal pattern peaking in both the winter (November-March) and late summer (July- 
August) with a pronounced drought in May and June (McDowell et al. 2006). 
Experimental Design 
The three Southwest Plateau replicates (blocks, containing the four treatments) 
were established in 1998 with arbitrarily designated comers in forested areas identified 
by United States Department of Agriculture (USDA) Forest Service and Northern 
Arizona University (NAU) silviculture staff (Appendix I). Each treatment area follows 
existing stand boundaries and/or natural landscape features, and contains a core square or 
rectangular area with a minimum of 10-ha interior sampling area (Appendix I). 
Treatment areas vary in size but are typically 14 to 16 ha. Thirty-meter or larger buffer 
areas between adjacent treatments have been treated to minimize the risk of fire 
treatments spreading throughout the area. Treatment areas have well defined boundaries 
and permanent sub point centers that have been established for and measured by a 
number of additional research projects. Specifically the experimental design is a 2 x 2 
factorial arrangement with four treatments (executed in 2002-03): timber harvest, 
prescribed fire, harvest followed by burning and control, which was left untreated. 
Treatments 
Fire and Fire Surrogate treatments consist of various combinations of the most 
common manipulative management activities employed in western forest ecosystems: 
thinning trees and using prescribed fire. Consequently, experimental treatments were 
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intended to address concerns about both forest health and wildfire hazards. Although it 
has yet to occur, treatments are intended to be periodically repeated to better represent 
real management approaches. 
Four treatments combinations: 
(resulting as a confluence of ± timber harvest and ± prescribed fire) 
1. Untreated control. 
2. Prescribed fire only, with periodic rebuming. 
3. Initial and periodic thinning, each time followed by mechanical fuel treatment 
and/or physical removal of residue; no use of prescribed fire. 
4. Initial and periodic thinning, each time followed by prescribed fire; fire alone also 
could be used one or more times between thinning intervals. 
Prescribed Fire 
Prescribed fire was applied to treatment areas in such a way as to bum safely and 
avoid unintended spreading. This objective was accomplished by employing surface fires 
that behave in both a historically appropriate way thereby minimizing damage to residual 
tree boles and crowns. Southwestern ponderosa pine ecosystems are well adapted to such 
fire behavior with thermal resistance increasing rapidly in trees > 5 cm diameter at stem 
collar and 3 m in height (Avery et al. 1976, Bailey and Covington 2002). Because of 
scientific interest in larger trees and the proximity of treatment areas, ignition crews took 
great care to prevent an accidental spread of fire into overstory crowns and/or into 
adjacent areas. Whenever possible, experimental prescribed fire treatments were designed 
to mimic operational prescribed fire treatments (J.D. Bailey, personal communication). 
16 
Timber Harvest 
Harvesting intensities were such that residual overstory stand conditions were 
identical for both cut and cut-bum treatments, with differences only in the treatment of 
harvesting slash. For safety reasons cut only treatment areas could not be left with unsafe 
levels of residual fuels; responsible forest management required the central piling and 
burning of slash. Burning of slash piles in the cut only treatment area was done in such a 
way as to limit the impact on the residual stand (R. Speer, personal communication). In 
the cut/bum treatment areas residual harvesting slash was left (lopped and scattered) for 
later consumption in the post-harvesting prescribed fire. Despite a discontinuity in pre¬ 
harvest surface fuels, the additional slash created during harvesting helped carry surface 
fire throughout the treatment area (C. Edminster, personal communication). 
Harvest tree selection and desired future stand conditions for post-treatment 
overstory trees were based on a Basal Area Diameter Quotient (BDq) mimicking 
recommendations from previous studies of unmanaged stands of ponderosa pine, (Cooper 
1960, Avery et al. 1976) that determined natural stands to have q-ratios of 1.22-1.34 for 
2-inch diameter classes. BDq merges the desired residual basal area (B), maximum tree 
diameter (D), and a negative exponential frequency distribution that specifies the ratio 
between numbers of trees in successive diameter classes (called a "q-ratio") - a function 
which controls of the ‘shape’ of a diameter distribution. Desired future conditions for 
understory vegetation, fuels, insects/diseases, and wildlife are expected to follow from 
these overstory conditions. 
Cooper in 1960 described two unmanaged stands in this area of the Colorado 
Plateau with basal areas of 15.2 and 19.8 nf/ha that were believed to be representative of 
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pre-colonial conditions. Basal area in the Gus Pearson Natural Area (Flagstaff, AZ.) 
averaged 14.3 irf/ha in 1920 for trees greater than or equal to 10 cm diameter at breast 
height (DBH, 1.35 m, Avery et al. 1976). Therefore, accounting for growth at 0.25 
nr/ha/year (Cooper 1960, Boldt and Van Deusen 1974, Amo et al. 1995, Feeney 1998) 
and a 20-year entry cycle into the area, harvest areas were marked to an average basal 
area of 12 irf/ha with the expectation that the stand will grow to 17 m7ha before the next 
treatment. 
Because of timber-management objectives and Coconino National Forest 
guidelines, a maximum diameter “D” of 40 cm reflects a desired product size, below 
which all trees were considered for harvested. For this study and current management 
objectives in the Southwest, a maximum diameter of 40 cm better reflects the current 
upper limit of the regulated diameter distribution (with few trees larger than 40 cm 
DBH). When planning harvesting operations on the F-FS treatment areas the target 
distribution specified 35 trees/ha 40cm DBH or larger, equating to 9.2 m2/ha of the target 
12 m /ha (76 %), effectively converting a pole-dominated forest in to a mixed-size-class 
stand with the majority of basal area consolidated into pre-settlement, large stems. 
Residual diameter distributions in classical uneven-aged management require 
details on ‘shape’, described by the negative exponential frequency distribution which 
specifies the ratio between numbers of trees in successive diameter classes (called a "q- 
ratio"). Cooper (1960) and Avery et al. (1976) determined natural stands to have q-ratios 
of 1.22 to 1.34 (5 cm diameter classes). Bailey and Covington (2002) fit a q-ratio of 1.24 
to pre-settlement restoration plots using 10 cm diameter classes. Lower q-ratios produce 
flatter distributions, which favor greater numbers of larger trees and assume little 
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mortality. Higher q-ratios produce steeper distributions that favor greater numbers of 
smaller trees and assume high mortality. However, large numbers of small trees are not 
appropriate for many timber species in the southwestern such as ponderosa pine, whose 
regeneration success is often marginal but whose mortality is low once stems develop 
thermal buffering. Therefore, a q-ratio of 1.24 (10 cm classes) was selected to provide 
for a reasonable range of diameters in the study area. 
Root trenching 
To evaluate the distribution of non-structural carbohydrates along randomly 
selected primary roots it was necessary to expose roots mechanically with hand tools. 
Exposure trenches extended three meters (approximately equal to the canopy 
footprint/drip line) from the root collar to maximum depth of 55 cm. Root samples were 
taken with the aid of coring instruments or loppers every meter for a total of four 
locations per root. After harvest, roots were placed in paper bags, labeled, and then to 
minimize metabolic activity, placed in a 12 volt automotive cooler. In order to 
completely arrest metabolic activity within samples were placed on a daily basis in a 
drying oven at 70 °C for a minimum of 36 hours desiccation. Prior to processing, sample 
dry weights ranged 2-5g. Because this sampling method was intensive and created 
significant soil disturbance, only 10 trees per treatment per season were measured. 
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Root collar harvest 
To better understand how non-structural carbohydrates were affected by treatment 
a less intensive sampling method was designed which collection fewer samples per tree 
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but allowed for the measurement of more trees. It was believed that this adjustment 
would allow for a better distinction between treatments. 
Trees were harvested by randomly locating a primary lateral root as it departed 
from the root collar. Using a blade, secondary xylem tissue was exposed, whereupon a 
cylinder (or plug) of wood was removed using a 24 volt cordless drill and a 1.27 cm plug 
cutting bit. Two plugs of root collar tissue per tree were removed from approximately 
the soil/duff interface. Wood samples were placed in paper bags, labeled, and then to 
minimize metabolic activity, placed in a 12 volt automotive cooler. At the end of each 
collection day, sample metabolic activity was completely arrested by placing the bags in 
a drying oven at 70 °C for a minimum of 36 hours. Initially this sampling method 
involved the measurement of 25 trees per season (two per year) per treatment (four). In 
order to track carbohydrate differences across treatment, time and site, five trees per 
month at each of the 12 plots (four treatments at three sites) were also sampled for a total 
of 11 months. 
Multiple Root Exposure 
To determine if ponderosa pines store reserves equally between roots, it was 
necessary to sample multiple roots per tree. In July 2006, we exposed five primary 
lateral roots using an air spade and hand tools from 15 smaller (10-20 cm DBH) untreated 
post-settlement trees. Roots were sampled using a cordless drill and plug cutter at 0.5 
meters from the root collar. Such exposure likely inflicted significant damage to the 
sampled trees. As a result, sample trees will not be located in the F-FS study plots but 
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instead be chosen from adjacent areas. Samples were processed in a fashion similar to 
those resulting from root trenching or root collar harvest. 
Carbohydrate extraction 
Following a complete dry-down, carbohydrates were triple extracted for high 
performance liquid chromatography (HPLC) from ground root tissue with 5 mL of 80% 
ethanol containing sorbitol as an internal standard (0.06 g sorbitol per 100 mL of 80% 
ethanol). Once resuspended, samples were incubated in a 54 °C water bath for 1 h, 
before being passed through a 0.45 -pm Millipore Swinnex membrane filter (Fisher 
Scientific, Pittsburg Pa.). The extraction process was repeated three times. 
Following the initial filtering, solids were dried and set aside for 
amyloglucosidase digestion and starch analysis while the supernatants were dried of 
alcohol before being reconstructed using 5 mL of HPLC-grade water. Samples were then 
passed through a second Swinnex filter and a conditioned Sep-Pak Ci8 cartridge (Waters 
Corporation, Milford, MA.) into a 1-mL vial for analysis. 
Soluble carbohydrates were separated in an ion exchange column (Shodex SC 
1011, Waters Corp.) and identified by a refractive index detector (at 40 °C) using 80 °C 
FIPLC grade water as a mobile phase. To distinguish xylose from its isomer galactose, its 
identification was confirmed using a YMC PolyAmine II column (Waters Corp.). 
Starch analyses were conducted on 0.2 g sub-samples by Cumberland Valley 
Analytical Services INC. (Maugansville, MD.) using an alpha-amylase digestion and 
color metric evaluation on an Astoria auto analyzer. Reactions were buffered with 30 ml 
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of sodium acetate, mixed thoroughly, and placed in 100 °C for 1 hour before multiple (3) 
analyses. Replicate data were averaged for each sample. 
Preliminary work found three monosaccharides (fructose, glucose, and xylose) 
one disaccharide (sucrose) and a polysaccharide (starch) within post-settlement 
ponderosa pine roots in northern Arizona, (data not shown). Samples were analyzed 
using a Waters’ HPLC components system and Empower Software (Waters Corp. V 
3.30). These methods were adapted from Botelho and Vanden Heuvel (2005). 
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CHAPTER 2 
FIRE-MITIGATION TREATMENTS AFFECT STORED CARBOHYDRATE 
RESERVES IN PONDEROSA PINE 
Abstract 
Post-colonial (~85 years old), ponderosa pine (Pinus ponderosa var. scopulorum 
Engelm.) growing at ~2,255m in northern Arizona were sampled along their primary 
lateral roots and at their root collars over several years. Three years prior to the initial 
sampling, plots were distributed among four treatment combinations in a 2 x 2 factorial 
(± cutting and ± burning) arrangement. A high-precision liquid chromatographic (HPLC) 
analysis and color metric evaluation of the resulting samples found that both season and 
treatment type affected non-structural carbohydrate storage concentration in root xylem. 
Soluble (EtOH) carbohydrate concentrations declined significantly between May and 
August on plots that were not treated with prescribed fire. Burning eliminated this 
seasonal difference. Irrespective of treatment, starch and total non-structural 
carbohydrates were also found to be lower in August (compared to May) suggesting that 
during the summer (May - August), ponderosa pine trees must draw upon reserves. Root 
collar non-structural carbohydrate concentrations were correlated to and regressed with 
results from along lateral roots. Root collar non-structural carbohydrates correlated 
significantly with carbohydrate concentrations further along individual roots. However, 
root collar carbohydrate concentrations could not closely predict average root reserve 
concentrations. It was also determined that while carbohydrate concentrations varied 
among roots of individual trees there was less overall variability among trees. Total non- 
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structural carbohydrate concentrations were typically lower than those reported in the 
literature for larger, open-growth trees, but increased in concentration significantly 
(1.56% to 3.96% of total dry mass) over a 3-m distance from the tree bole. Three years 
following treatments necessary to restore forest health, overall total non-structural 
carbohydrate availability was not significantly reduced as a result of treatment. 
Key Words: Pinus ponder os a, prescribed fire, restoration, roots, Southwest, thinning 
Introduction 
Ponderosa pine (Pinus ponderosa var. scopulorum Engelm.) is one of North 
America’s most widespread conifers and is a common component of western mid¬ 
elevation dry forests (Schubert 1974, Oliver and Ryker 1994). This species is most 
dominant on well-drained, nutrient-poor soils, where precipitation is often bimodal 
totaling ~50cm/year (Schubert 1974). Frequent, low-intensity surface fires are another 
environmental influence that favors ponderosa pine dominance (Schubert 1974, Mast et 
al. 1999). Historically such fires have burned with a 3-7 year return interval, suppressing 
both inter- and intra- species competition (White 1985, Bailey and Covington 2002). 
Mature, pre-settlement ponderosa pines, once established, were not affected by such fires. 
This resistance is largely attributable to grouped stand arrangement and the possession of 
thick, thermally insulating bark, both of which hindered the escalation of surface fires 
into stand replacement events. 
The naturally low fecundity of ponderosa pine was greatly changed by selective 
timbering, over-grazing, and fire suppression beginning in the late 1800s (Schubert 1974, 
Madany and West 1983, Bailey and Covington 2002). Historically, ponderosa pine 
seedling success was low, because the requisite conditions for germination and early 
survival were themselves uncommon (Pearson 1923, 1934, Hiedmann et al. 1982, White 
1985). Pre-settlement regeneration rates in northern Arizona have been reconstructed at 
3.6 trees/hectare/decade (Mast et al. 1999). However, since settlement (~1880’s), forest 
dynamics have been altered, beginning with a logging industry that selectively harvested 
many large-diameter ponderosa pine stands for use in the growing industrial revolution 
(Schubert 1974, Mast et al. 1999, Sesnie and Bailey 2003). A second factor which 
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shaped ponderosa pine forests was the introduction of intense grazing pressure from both 
sheep and cattle (Pearson 1934), reducing the grass cover that had once allelopathiclly 
restricted seedling establishment and competed with survivors for moisture (Madany and 
West 1983). The last, and perhaps the most influential change made by pioneering 
frontiersmen was fire exclusion, created by grazing initially and later perpetuated with 
active suppression technology (Schubert 1974, Feeney et al. 1998, Mast et al. 1999, Skov 
2005). 
Fire-suppression efforts have been very effective, commonly excluding fire from 
areas for historically unprecedented periods (Schubert 1974, Covington and Moore 1994, 
Dahms and Geils 1997, Fule et al. 2001). Unfortunately, the success of these efforts has 
increased the vulnerability of ponderosa pine-dominated forests to both pathogens and 
fire (McCambridge and Stevens 1982, Kolb et al. 1998, Stone et al. 1999). In efforts to 
restore forest health, many woodland managers have begun to implement stand 
treatments aimed at reestablishing natural stand dynamics, moving forest conditions to 
mirror pre-settlement conditions (Covington et al. 1997, Moore et al. 1999). It is believe 
that such conditions are justified, because pre-settlement processes include environmental 
pressures at levels which shaped the evolution of involved species (Covington et al. 1997, 
Moore et al. 1999). 
Restoration treatments include, but are not limited to timber harvesting and 
prescribed fire. The restitution of western ponderosa forests is an enormous task, 
encompassing many hundreds of thousands of hectares. Because of the scale of the 
problem and the sweeping changes its resolution might incur, it is critically important to 
understand the impacts of treatment. 
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This investigation sought to determine the effects of timber harvest and prescribed 
fire on post-settlement ponderosa pine non-structural root carbohydrates in situ. Stored 
carbohydrates function as the primary source of reserve energy available to woody plants 
(Fisher and Holl 1992, Teskey et al. 1995, Wilson et al. 1995, Ludovici et al. 2002, 
Verdaguer and Ojeda 2002), and the magnitude of these stores has been linked to stress 
(Laurence et al. 1994), disturbance recovery success (Smith 1981, Fisher and Holl 1992, 
Tschaplinski and Blake 1994), and overall vigor (Kays and Canham 1991, Grulke et al. 
2001). While sugars may be found throughout trees, the majority of stored reserves are 
located in the roots (Pruyn et al. 2005). 
The objective of this study was to develop a better understanding of the pattern of 
ponderosa photosynthate storage and how it is affected by fire-mitigation treatments. 
This work will allow researchers to better evaluate both the impacts of restoration 
treatments and damaging agents, as well as providing general insight into ponderosa pine 
forest health in western North America. 
Methods 
Study Site 
This research was conducted at for two years one installation of the Southwest 
Plateau Fire and Fire Surrogate (F-FS) study (Mclver et al. 2001), located within the 
Coconino National Forest (35° 16’ 11”N, 111° 44’ 30”W) -15 km northwest of Flagstaff, 
Arizona, USA. The 65 ha stand was dominated by 85-year-old ponderosa pine 
originating from a 1918-1919 regeneration event (Ronco et al. 1985, Savage et al. 1996). 
The site is essentially level (<5 % slope), at -2,255 m elevation, and considered semi-arid 
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in terms of growth and reproduction rates (Bailey and Covington 2002). Local soils 
weathered from both basalt and limestone, with a cinder fraction, and are classified as a 
fine montmorillontic complex of frigid Typic Argiborolls and Argiboralfs (Wollum and 
Schubert 1975, Ronco et al. 1985). This specific area has had a mean annual temperature 
(from 1909-1990) of 6 °C, typically 94 frost-free days, and a mean annual precipitation of 
56.4 cm, with least half falling in the form of winter/spring snowfall (Schubert 1974, 
NOAA 1990). This region, as is typical of the southwestern United States, experiences a 
‘monsoonaf climate with precipitation distributed in a bimodal pattern peaking in both 
the winter (November-March) and late summer (July-August) with a pronounced drought 
in May and June (McDowell et al. 2006). 
Treatment 
This experiment was part of the Fire and Fire Surrogate study, a USD A Forest 
Service project designed to evaluate the most common manipulative management 
activities employed in fire-prone forest ecosystems: thinning trees and using prescribed 
fire. Specifically, the experimental was conducted in a 2 x 2 factorial arrangement with ± 
timber harvest and ± prescribed fire. Treatments involved in this investigation were 
executed between 2002 and 2003 utilizing the four treatment combinations, timber 
harvest, prescribed fire, harvest followed by fire, and control (no harvest and no fire). 
Whenever possible, experimental treatments mimicked operational practices and methods 
typically conducted in ponderosa pine forests. 
Experimental prescribed fire treatments were applied with surface fires to 
minimized damage to residual tree boles and crowns. Despite a discontinuity in pre- 
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harvest surface fuels (data not shown), the additional slash created during harvesting 
helped carry surface fire throughout the treatment area (C. Edminster, personal 
communication). 
Harvesting intensities were such that residual overstory stand conditions were 
identical for both cut and cut-bum treatments, with differences only in the treatment of 
slash (C. Edminster, personal communication). For safety reasons, cut-only treatment 
areas could not be left with unsafe levels of residual fuels. Consequently these fuels were 
centrally piled and burned in such a way as to limit the impact on the remaining stand. In 
the cut-bum treatment areas residual harvesting slash was left (lopped and scattered) for 
later consumption in the post-harvest prescribed fire. F-FS managers targeted a post¬ 
harvest stand condition of 35 trees/ha 40 cm diameter at breast height or larger, which 
equates to 9.2 m /ha (Figures 2.1 and 2.2). A basal area quotient of 1.24 (10 cm classes) 
was selected to provide for a reasonable and historically accurate diameter distribution. 
Sampling 
Initially this experiment was limited to an untreated area. In August of 2004 
twelve trees were selected randomly for sampling from the control portion of one of the 
Southwest Plateau’s F-FS instillations. The following year, the primary experiment was 
expanded to include treatment and seasonal effects. Consequently, the 2005 field season 
required that additional trees (10) be selected randomly from each of the four treatment 
areas of the original F-FS installation, within the permanent sampling grid of that study. 
All trees were identified as post-settlement ponderosa pine, making them part of the 
1918-1919 seed crop cohort (Ronco et al. 1985, Savage et al. 1996). Trees averaged 
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16.5 m (±2.2 m) tall and 33.6 cm (±3.7 cm) in diameter at breast height. At each tree, a 
primary lateral root was selected randomly by hand excavating around the root collar. 
This root was exposed completely to a distance of 3 m from the root collar. Samples 
were harvested at 1.0 m intervals starting at the root collar and progressing to 3 m from 
the root collar. Root depth and diameter were also measured at each of the sampling 
locations. Samples were harvested twice in 2005, once contemporaneously with shoot 
extension in early May and again prior to monsoon season in late August. 
During the second season of sampling (2005), a corollary investigation sought to 
establish a link between root collar non-structural carbohydrates and their concentrations 
along coarse roots. This secondary investigation also attempted to determine if 
carbohydrate concentrations varied between the roots as they depart from a common root 
collar. The second part of this companion study, measuring differences between root 
collars on common trees, was conducted during July of 2006 in an untreated (control) 
portion of F-FS instillation. This procedure called for the exposure, using compressed air 
and hand tools, of the five largest lateral roots as they departed from the root collar of 15 
post-colonial ponderosa pine trees. Roots were measured for girth and depth and 
sampled at 0.5 m from the root collar. 
Samples from both projects were collected by either extracting a 1.3 cm diameter 
plug using an increment borer (for larger roots) or by removing an approximately 1.5 cm 
long cross section with hand loppers (for smaller roots). Samples were reduced using 
knives to contain only secondary xylem material. Once harvested, samples were placed 
into paper bags and quickly chilled to approximately 5 °C to reduce metabolic activity. 
Samples remained cooled for less than six hours before additional processing. To 
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completely arrest metabolic activity samples were dried at 70 °C until their 24-hour 
weight loss was negligible. Dried samples were ground to 40 mesh using Wiley rotary 
mills at 3700 rpm. 
Measurement of Carbohydrates 
Soluble carbohydrates were extracted for high performance liquid 
chromatography (HPLC) from 100 mg of ground root tissue with 5 mL of 80% ethanol 
containing sorbitol as an internal standard (0.06 g sorbitol per 100 mL of 80% ethanol). 
Samples were incubated in a 54 °C water bath for 1 h, before being passed through a 0.45 
-pm Millipore Swinnex membrane filter (Fisher Scientific, Pittsburg Pa.). The extraction 
process was repeated three times. 
Soluble carbohydrates were separated in an ion exchange column (Shodex SC 
1011, Waters Corp.) and identified by a refractive index detector (at 40 °C) using 80 °C 
HPLC grade water as a mobile phase. To distinguish xylose from its isomer galactose, its 
identification was confirmed using a YMC PolyAmine II column (Waters Corp.). 
Preliminary work found three monosaccharides (fructose, glucose, and xylose) one 
disaccharide (sucrose) and a polysaccharide (starch) within post-settlement ponderosa 
pine roots in northern Arizona, (Parrott unpublished data). Samples were analyzed using 
a Waters’ HPLC components system and Empower Software (Waters Corp. V 3.30). 
These methods were adapted from Botelho and Vanden Heuvel (2005). 
Starch quantifications were conducted on 0.2 g sub-samples by Cumberland 
Valley Analytical Services INC. (Maugansville, MD.) using an alpha-amylase digestion 
and color metric evaluation on an Astoria auto analyzer. Reactions were buffered with 
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30 ml of sodium acetate, mixed thoroughly, and placed in 100 °C for 1 hour before 
multiple (3) analyses. Replicate data were averaged for each sample. 
Statistical Analyses 
All data were subjected to analysis of variance using the general linear model 
procedure (PROC GLM) of the Statistical Analysis Systems software (SAS Institute, 
Cary, NC). All tests ascribed significance to relationships with a Type I error of less than 
or equal to 0.05. In circumstances where main effects interacted significantly, the SLICE 
sub-option of the LSMEANS option was used to understand the interaction. Predictive 
model data were analyzed using the correlation and regression models within the SAS 
software package. Data from the multiple root experiment were processed within a 
spreadsheet matrix of Microsoft Excel. 
Results 
Soluble (EtOH) carbohydrate (sucrose, glucose, fructose, xylose, and their 
collective) and starch concentrations in root xylem increased significantly with distance 
from the root collar (Figure 2.3). Seasonality influenced non-structural carbohydrates by 
significantly lowering reserves between the May and August samplings in plots that were 
not treated with prescribed fire (Table 2.1). Burning eliminated these seasonal 
differences. Prescribed fire further affected glucose and fructose as burning significantly 
decreased glucose concentrations on plots that had been cut (P = 0.0224, Figure 2.4). 
This interaction was also true for both fructose (P = 0.0568) and soluble carbohydrates 
collectively (P = 0.0200, Figure 2.5). These effects were not found on uncut plots. It 
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was also determined that burning significantly increased glucose concentrations at 2- and 
3-m root locations in uncut areas (P = 0.0035). However, if the plots were cut, burning 
significantly reduced glucose concentrations at those locations (P = 0.0003 and < 0.0001, 
respectively, data not shown). Again this effect was also true for fructose in all but the 
un-cut 3-m location. Combining all soluble carbohydrates showed that burned plots 
compared to non-bumed plots had significantly lower carbohydrate concentrations at 
both the 2- and 3-meter sampling locations (P = 0.0166 and 0.0002, respectively) 
Overall, cutting was found to reduce xylose concentrations significantly from 
0.25% to 0.21% (by dry mass, P = 0.0489). Xylose concentrations were also found to be 
affected by the burning treatment. In the August sampling xylose concentrations at the 2- 
and 3-m root locations of burned plots were significantly greater than those in unbumed 
plots (P = 0.0002 and < 0.0001, respectively, data not shown). Burning did not 
significantly affect xylose at other individual root locations and seasons. 
In August, starch concentrations were significantly lower than they were in May 
at every root location (P < 0.0001, Figure 2.6). Also, there was significantly less total 
non-structural carbohydrates (TNC) found in August than in May, a change from 2.9% to 
2.1% (by dry mass, P = 0.0002). In addition, it was found that TNC concentrations at the 
2- and 3-m locations were significantly reduced as a result of burning (Figure 2.7). The 
data clearly showed that carbohydrate concentrations increased w/ distance from the bole 
in a significant and linear fashion (r2 = 0.98, Figure 2.8). 
Root depth and diameter were significantly different between sampling locations 
(P<0 .0001 for both. Figure 2.9) with roots growing smaller and deeper with distance 
from the root collar. May-sampled roots were found to be significantly shallower than 
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their counterparts sampled in August (19.2 cm vs. 22.8 cm, P = 0.0273). Also, sampled 
roots in the cut plots were found to be significantly shallower than uncut plot roots (19.2 
cm vs. 22.8 cm, P = 0.0275). 
Most sugars and their collections (soluble sugars, and total non-structural 
carbohydrates) possessed a significant correlation between root collar non-structural 
carbohydrate concentrations and both the individual sampling sites along roots and an 
average of all sampled sites (root collar excluded, Table 2.2). Typically the strength of 
this relationship was inversely related to proximity with all carbohydrate concentrations 
1-meter from the bole significantly correlated with root collar concentrations. This 
relationship was weaker for sucrose and xylose than for other sugars. Sucrose 
correlations were not deemed significant at either the 2- or 3-meter site or with average 
root sugar concentrations (P = 0.0602, 0.2038, and 0.0709 respectively). Xylose 
correlations also were not strong enough to be considered significant at the 2- or 3- meter 
locations (P = 0.2126 and 0.1410 respectively). 
Discussion 
Our data show that post-settlement ponderosa pine non-structural carbohydrate 
reserves were affected by both the type of disturbance (Figure 2.4) and sampling season 
(Figure 2.6); many of these effects were consistent across sugars (Table 2.1). This 
uniformity was evidenced as soluble (EtOH) sugar concentrations were all significantly 
lower in the fall in the absence of fire, suggesting a seasonal decline. However, if the 
trees had been treated with fire, concentrations were similar between the seasons. Notably 
sucrose was the only sugar found to be significantly affected by burning overall with a 
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concentration reduction from 0.23 to 0.16%. These findings refute the suggestion that 
ponderosa pine trees growing in the absence are less healthy than those found in open 
conditions, such as those maintained by a natural disturbance regime (Kolb et al. 1998, 
Oliver 1979, Oliver and Ryker 1994, Ronco et al. 1985, Schubert 1971, 1974). 
It is possible that more profound burning effects existed directly following 
prescribed fires and that recovery since treatment lessened these differences. It is also 
reasonable to conjecture that trees would recover differently from a cutting treatment. 
While prescribed fire may be deemed universal, exposing all the stems to thermal impacts 
(albeit to varying degrees) logging is more selective, especially in low stocking 
conditions (Ryan and Steele 1989, Oliver and Larson 1990, Ryan and Frandsen 1991, 
Swezy and Agee 1991). Consequently, trees standing following the cutting treatment 
likely only had limited direct impacts. 
Another curious finding involved glucose, where despite insignificant overall 
differences, burning and cutting interacted to produce interesting results. We found that 
burning significantly decreased root glucose concentrations on the cut and bum plots (P = 
0.0224), a finding in contrast with the uncut plots where burning significantly increased 
glucose concentrations (Figure 2.4). This finding was consistent with our hypothesis that 
a double treatment of cutting then burning would reduce storage level below that of 
cutting alone, as plants had recovered from two disturbance events (Richburg 2005). 
However, it is less clear why burning alone would appear to have increased glucose while 
other sugars were not affected. 
Starch, and hence total non-structural carbohydrate concentrations were also 
lower in the August. As this result was independent of treatment, it suggests that during 
41 
the summer (May - August) ponderosa experience a period of dearth resulting in low 
photosynthetic activity, which results in a draw on reserves. Woodhams and Kozlowski 
(1954), Marshall (1986), and others have found this effect'to be consistent across a 
number of plant species. This finding is not entirely unexpected, as summer in northern 
Arizona is typically droughty (NOAA 1990) and plants living under moisture stress may 
be less photosynthetically efficient (Arndt et al. 2001, Irvine et al. 2002). Other studies 
under similar conditions have found that net carbon assimilation, pre-dawn moisture 
potential, and resistance to pathogens are also lower in the August (Kolb et al. 1998, Law 
et al. 2001, Irvine et al. 2002). 
Our results found that overall, average TNC concentrations along coarse lateral 
roots varied between 1.56-3.96 % (Figure 2.8) while individual sugars ranged from 0.16 
to 0.67% and starch varied from 0.65 to 3.0% (Figures 2.3 and 2.6) of the total dry mass, 
making concentrations generally lower than those recorded by Grulke et al. (2001) and 
Anderson et al. (1997) who sampled smaller diameter roots. These fluctuations were 
strongly trended with significant increases in concentration associated with distance from 
the root collar (Figure 2.8). One possible explanation for this change is that root diameter 
was also significantly reduced with distance from the bole (Figure 2.9). This reduction 
strongly influenced the surface-area-to-volume ratio of the roots and may have affected 
sugar storage patterns. Similar allometries were described by King et al (1997) who 
suggest that although ponderosa pine roots are longer than coexisting species, they 
possessed similar rates of taper. We also found that root depth increased significantly 
with distance from the root collar. However, the authors do not believe this factor 
contributed to the arrangement of stored carbohydrates. None the less, it is interesting to 
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note that despite a reduction in duff (data not shown), roots in the burning treatment were 
not significantly closer to the soil/duff interface than others. Conversely, the cutting 
treatment resulted in significantly shallower roots. It is believed that this result is 
attributable to the mechanized harvesting operation employed in the cut plots. Curtis 
(1961) described soil compaction following similar harvests in ponderosa pine forests. 
To address a concern that our initial sample harvesting methods were an 
impractical evaluative tool we sought to test a more rapid and thus more economical 
method of determining root carbohydrate concentrations. Our revised methods limited 
harvests to root collars. To test the viability of this new technique we compared the 
carbohydrate concentrations from the new samples against samples taken from the same 
trees using our previous methods. Initially, our results produced a significant correlation 
between the root collar carbohydrate and average root carbohydrate concentrations, 
suggesting that a predictive model could be built. However, the linear regression that 
best fit the data despite universal significance, accounted for only 4 to 36% of the 
variability (Table 2.3). This finding suggests that despite the efficiency of root collar 
sampling, such samples could only weakly predict the sugar concentrations of the 
remaining coarse root. None the less, we believe root collar sampling is meritorious as it 
did significantly correlate with root sugar concentration and find distinctions between F- 
FS treatments (J. Parrott unpublished data). Notably, despite being related, root collar 
non-structural carbohydrate concentrations were found to be significantly lower than 
concentrations along the coarse lateral roots. 
During the course of our experiment concerns were raised that coarse root non- 
structural carbohydrate concentrations might vary between roots of individual trees and 
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that our root selection process might have introduced a systematic bias. To answer this 
question multiple roots fifteen untreated trees were harvested for comparison. This 
sampling yielded similar results (0.12 to 2.04% by dry mass. Table 4) to previous 
findings from adjacent areas. It is worth noting that despite different sample sizes (5 
roots per tree, 15 trees), there appeared to be less variability between trees than between 
roots on individual trees. While this finding may support the notion that substantial 
variability exists between the individual roots of trees, it is notable that previous studies 
randomly selected the root to be sampled on each tree. By randomly choosing roots to 
harvest, intra-tree variability was methodologically accounted for, thus reducing concern 
for data trending. 
Our findings conclude that while in some instances, treatments reduced the 
concentrations of individual carbohydrates or carbohydrate groups, the overall (TNC 
across treatments, root locations and sampling date) effect of cutting and/or burning 
necessary to restore forest health and achieve fire protection (Schubert 1974, Mast et al. 
1999, Sesnie and Bailey 2003), did not statistically change storage reserves for individual 
trees. However, because of the limited time scope of this research, it is not clear if 
treated trees will eventually recover storage reserves beyond the levels of comparison 
trees that were not cut or burned. In addition, observed reductions in stored TNC may in 
fact not reflect a reduction in forest health but the opposite, a more rapidly growing stand. 
One known certainty is that individual treatments, especially the cutting 
treatment, changed forest demographics (Figure 2.2) from the control condition. 
According to Kolb et al. (1997) this adjustment, which provided a larger percentage of 
the available resources to each tree should have stimulated growth. Previous research has 
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suggested that such growth will be reflected (at least initially) in reduced reserve levels 
(Latt et al. 2001). With this prediction in mind, it is conceivable that changes in growth 
patterns have already taken place (data unavailable). Mean annual increment and shoot 
extension data may be able to detect this potential differentiation. Should a treatment- 
induced release have occurred, it is possible that measurable differences in photosynthate 
storage concentrations could have been reduced by varying demands for growth. To fully 
understand this interaction, further investigations will need to revisit this question and 
pair potential forest growth differences with variations in reserve levels. 
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Figure 2.1. Pre-treatment (2000) diameter class distribution of ponderosa pine in 
northern Arizona (N = 40). Diameter classes are given 10 centimeter ranges. Error bars 
represent a standard error unit around the mean. 
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Figure 2.2. Post-treatment (2004) diameter demographics of ponderosa pine trees in 
northern Arizona following cutting and burning treatments. 
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Sucrose —O—Glucose —&—Fructose —□—Xylose - #> Starch 
Figure 2.3. Concentrations (%) of soluble (EtOH) carbohydrates (primary axis) and 
starch (secondary axis) in untreated ponderosa pine trees in northern Arizona. Sampling 
(N = 12) was conducted during the dry season of August 2004. Error bars represent a 
standard error unit around the mean. 
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Figure 2.4. Effect of burning on cut and uncut post-settlement ponderosa pine root 
glucose concentrations (% dry mass) in northern Arizona (2005). Samples (N=80) 
include both spring and fall harvests. Difference in glucose levels on the uncut plots were 
significant at P = 0.057. 
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Figure 2.5. Effect of burning on cut and uncut post-settlement ponderosa pine soluble 
(EtOH) root carbohydrate concentrations (% dry mass) in northern Arizona (2005). 
Samples (N=80) include both spring and fall harvests. Differences in concentration on the 
cut plots were significant at P = 0.0200. 
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Figure 2.6. Starch concentrations (% by dry mass) at 1-meter intervals starting at the 
bole for post-settlement ponderosa pine roots in northern Arizona (2005). Data represent 
trees from plots that were burned, cut, untreated or their combination. Significant 
differences at P = 0.05 and P = 0.01 are identified with an asterisk or two asterisks, 
respectively. 
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Figure 2.7. Total non-structural carbohydrate concentrations (% dry mass) along the 
roots of post-settlement ponderosa pine in northern Arizona (2005). Data represent trees 
from plots that were burned, cut, untreated or their combination. Significant differences 
at P = 0.05 are identified with an asterisk. 
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Figure 2.8. Total non-structural carbohydrate concentrations (% dry mass) at 1-meter 
intervals extending from the bole of post-settlement ponderosa pine trees in northern 
Arizona (2005). Samples (N=80) include both spring and fall harvests. Error bars 
2 
represent a standard error unit around the mean, r = 0.9808. 
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Figure 2.9. Changes in depth and diameter of post-settlement ponderosa pine in northern 
Arizona at 1-meter increments. Error bars represent a standard error unit around the 
mean. 
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Table 2.1. Mean ponderosa pine coarse root non-structural carbohydrate concentrations 
(% by dry mass) for various fire-mitigation strategies both after spring snow-melt (April) 
and prior to fall monsoon season (August) in northern Arizona (2005). Data are the 
average of four samples harvested at lm increments starting at the root collar. Total non- 
structural carbohydrates are indicated by TNC and total soluble carbohydrates (EtOH) are 
identified by Soluble, N = 10. 
May August 
Cut Bum Cut/Bum Control Cut Bum Cut/Bum Control 
Sucrose 0.344 0.172 0.149 0.255 0.212 0.155 0.186 0.129 
Glucose 0.208 0.162 0.122 0.177 0.186 0.198 0.165 0.101 
Fructose 0.559 0.542 0.484 0.550 0.554 0.550 0.530 0.418 
Xylose 0.263 0.269 0.153 0.314 0.240 0.255 0.217 0.221 
Starch 2.059 2.268 1.742 2.749 1.163 1.431 1.322 1.596 
Soluble 1.373 1.145 0.908 1.296 1.191 1.158 1.098 0.869 
TNC 3.433 3.413 2.650 4.044 2.354 2.588 2.420 2.465 
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Table 2.2. Correlations between ponderosa pine root collar non-structural carbohydrate 
concentrations and sugar concentrations at 1,2, and 3 meters from the root collar and 
with average root carbohydrate concentrations in northern Arizona (2005). Soluble 
(EtOH) carbohydrates include sucrose, glucose, fructose, and xylose. Total non- 
structural carbohydrates (TNC) represents the sum of all measured sugars. Also 
presented are P values which when < 0.05 are considered indicators of a significant 
relationship. 
1 -Meter 2-Meter 3-Meter Root Average 
Corr. P Corr. P Corr. P Corr. P 
Sucrose 0.26207 0.0189 0.21103 0.0602 0.14360 0.2038 0.20298 0.0709 
Glucose 0.55660 <.0001 0.34278 0.0019 0.30785 0.0055 0.43874 <.0001 
Fructose 0.52309 <.0001 0.41438 0.0001 0.30992 0.0051 0.47456 <.0001 
Xylose 0.37336 0.0006 0.14088 0.2126 0.16605 0.1410 0.22080 0.0490 
Starch 0.76290 <.0001 0.58667 <0001 0.40527 0.0002 0.60409 <0001 
Soluble 0.50219 <.0001 0.30538 0.0059 0.26853 0.0160 0.35581 0.0012 
TNC 0.69095 <.0001 0.53959 <.0001 0.33976 0.0020 0.52750 <.0001 
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Table 2.3. Linear equations, coefficient of determinations, and significance for average 
ponderosa pine non-structural coarse root carbohydrates (x) and ponderosa pine root 
collar non-structural carbohydrates (y) in northern Arizona (2005). Soluble (EtOH) 
carbohydrates include sucrose, glucose, fructose, and xylose. Total non-structural 
carbohydrates (TNC) represents the sum of all measured sugars. Pr values less than 0.05 
are considered significant. N = 80. 
Intercept Slope r2 Pr 
Sucrose 0.199 0.605 0.0412 0.0709 
Glucose 0.136 0.603 0.1925 <.0001 
Fructose 0.272 0.719 0.2252 <.0001 
Xylose 0.211 0.433 0.0488 0.0490 
Starch 0.689 1.519 0.3649 <.0001 
Soluble 0.676 0.836 0.1266 0.0012 
TNC 0.981 1.445 0.2783 <.0001 
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Table 2.4. Mean values of coarse root non-structural carbohydrate concentration (% by 
dry mass) and coefficients of variation between roots on a common tree (N = 5) and 
between trees (N= 15) in an untreated area of northern Arizona (2006). Soluble (EtOH) 
carbohydrates include sucrose, glucose, fructose, and xylose. Total non-structural 
carbohydrates (TNC) represents the sum of all measured sugars. 
Mean (%) Root to Root Coeff. Var. Tree to Tree Coeff. Var. 
Sucrose 0.18 ■ 50.4 33.3 
Glucose 0.27 30.7 24.9 
Fructose 0.55 24.1 23.5 
Xylose 0.12 84.1 60.3 
Starch 2.04 22.1 33.2 
Soluble 1.11 29.7 ■ O
s 
4
^ 
TNC 
rn
 22.5 22.6 
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CHAPTER 3 
SEASONAL CHANGES IN PONDEROSA PINE CARBOHYDRATE STORAGE 
WITH SEVERAL FUEL MANAGEMENT SCENARIOS 
Abstract 
This investigation involved post-colonial (~85 years old), ponderosa pine (Pinus 
ponderosa var. scopulorum Engelm.) growing at -2,255 m in northern Arizona that had 
been treated with a cutting, prescribed fire, or cutting and burning treatment 3 years prior 
to sampling. An area of untreated trees was also sampled for comparison. Starting in 
November 2005, samples of root collar tissue were harvested at monthly intervals for 11 
months. Soluble sugars (sucrose, glucose, fructose, and xylose) and starch were 
significantly affected by sampling month. Glucose and total non-structural carbohydrate 
concentrations were significantly affected by the burning treatment; however, these 
effects were not present across all sample months. Burning resulted in significantly 
lower xylose concentrations overall (0.085 % and 0.095 % by dry mass). Sucrose 
concentrations were significantly increased on plots that had been cut (0.12 % by dry 
mass) compared to those that had not had timber harvested (0.10 % by dry mass). 
Overall timber harvesting reduced total soluble (EtOH) sugar concentrations. It is 
believed that carbohydrate concentrations were a reflection of the bi-modal precipitation 
pattern of northern Arizona; spring snow-melt in particular, appears to have significant 
increased stored reserves. 
Key Words: Pinus ponderosa, prescribed fire, restoration, roots, Southwest, thinning 
64 
Introduction 
Ponderosa pine (Finns ponderosa var. scopulorum Engelm.) is one of North 
America’s most widespread conifers and is a common component of western mid¬ 
elevation dry forests (Schubert 1974, Oliver and Ryker 1994). This species is most 
dominant on well-drained, nutrient-poor soils, where bimodal precipitation totals ~50 
cm/year (Curtis 1961, Schubert 1974). Frequent, low-intensity surface fires are another 
environmental influence that favors ponderosa pine dominance (Schubert 1974, Mast et 
al. 1999). Historically fires burned in this fuel type with a 3-7 year return interval, 
suppressing both inter- and intra- species competition (White 1985, Bailey and Covington 
2002) . Mature pre-settlement ponderosa pines were not affected by such fires. Their 
resistance is largely attributable to grouped stand arrangement and the possession of 
thick, thermally insulating bark, both of which hindered the escalation of surface fires 
into stand replacement events. 
Historically, ponderosa pine seedling success has been low, because the requisite 
conditions for germination and early survival were themselves uncommon (Pearson 1923, 
1934, Hiedmann et al. 1982, White 1985). Pre-settlement regeneration rates in northern 
Arizona have been reconstructed at 3.6 trees/hectare/decade (Mast et al. 1999). However, 
beginning in the late 1800’s the naturally low fecundity of ponderosa pine has been 
greatly changed (Schubert 1974, Madany and West 1983, Bailey and Covington 2002). 
Since settlement (~1880’s), forest dynamics have been altered, beginning with a logging 
industry that selectively harvested many large-diameter ponderosa pine stands for use in 
the growing industrial revolution (Schubert 1974, Mast et al. 1999, Sesnie and Bailey 
2003) . A second factor was the introduction of intense grazing pressure from both sheep 
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and cattle (Pearson 1934), reducing the grass cover that had once allelopathiclly restricted 
seedling establishment and competed with survivors for moisture (Madany and West 
1983). The last, and perhaps the most influential change made by pioneering 
frontiersmen was fire exclusion, created by grazing initially and later perpetuated with 
active suppression technology (Schubert 1974, Feeney et al. 1998, Mast et al. 1999, Skov 
2005). 
Fire-suppression efforts have been very effective, commonly excluding fire from 
areas for historically unprecedented periods (Schubert 1974, Covington and Moore 1994, 
Dahms and Geils 1997, Fule et al. 2001). Unfortunately, the success of these efforts has 
increased the vulnerability of ponderosa-dominated forests to both pathogens and wildfire 
(McCambridge and Stevens 1982, Kolb et al. 1998, Stone et al. 1999). In efforts to 
restore forest health, many woodland managers have begun to implement treatments 
aimed at reestablishing natural stand dynamics, moving forest conditions to mirror pre¬ 
settlement conditions (Covington et al. 1997, Moore et al. 1999). It is believe that such 
conditions are justified, because pre-settlement processes include environmental 
pressures at levels that shaped the evolution of involved species (Covington et al. 1997, 
Moore et al. 1999). Because of the scale of the problem and the sweeping changes its 
resolution might incur, it is critically important to understand the impacts of treatment. 
Restoration treatments include, but are not limited to timber harvesting and prescribed 
fire. 
This investigation sought to determine the effects of timber harvest and prescribed 
fire on post-settlement ponderosa pine non-structural root collar carbohydrates in situ. 
Previous studies (Parrott Unpublished) have investigated such fire-mitigation treatments. 
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However, early studies have been temporally limited to one, or two samplings per year. 
Greater resolution was necessary to understand treatment effects on root carbohydrate 
concentrations throughout the year. 
Stored carbohydrates function as the primary source of reserve energy available to 
woody plants (Fisher and Holl 1992, Teskey et al. 1995, Wilson et al. 1995, Ludovici et 
al. 2002, Verdaguer and Ojeda 2002), and these stores have been linked to stress 
(Laurence et al. 1994), disturbance recovery success (Smith 1981, Fisher and Holl 1992, 
Tschaplinski and Blake 1994), and overall vigor (Kays and Canham 1991, Grulke et al. 
2001). While sugars may be found throughout trees, the majority of stored reserves are 
located in the roots (Pruyn et al. 2005) and these concentrations are affected by season 
(Parrott Unpublished). It is therefore important to recognize that if treatments can be 
implemented contemporaneous with the period of greatest root reserves it will allow 
damaged, non-targeted trees the best chance for recovery. Thus, understanding the 
patterning of ponderosa photosynthate storage and how these sugars change throughout 
the year will allow researchers to better evaluate both the impacts of restoration 
treatments as well as providing recommendations for the timing of future treatments in 
order to maximize their efficacy. 
Methods 
Study Site 
This research was conducted at all three installations of the Southwest Plateau 
Fire and Fire Surrogate (F-FS) study (Mclver et al. 2001) within both the Coconino 
National Forest (35° 16’ 11”N, 111° 44’ 30”W) ~15 km northwest of Flagstaff, Arizona, 
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and the Kiabab National Forest (35° 57’ 16”N 112° 09’ 27”W) ~60 km west ot Flagstaff 
Arizona USA. Plots were dominated by 85-year-old ponderosa pine originating from a 
1919 regeneration event (Ronco et al. 1985, Savage et al. J996). Sites were essentially 
level (<5 % slope), at ~2,255 m elevation, and considered semi-arid in terms of growth 
and reproduction rates (Bailey and Covington 2002). Local soils weathered from both 
basalt and limestone, with a cinder fraction, and are classified as a fine montmorillontic 
complex of frigid Typic Argiborolls and Argiboralfs (Wollum and Schubert 1975, Ronco 
et al. 1985). This specific area has had a mean annual temperature (from 1909-1990) of 6 
°C, typically 94 frost-free days, and a mean annual precipitation of 56.4 cm, with least 
half falling in the form of winter/spring snowfall (Schubert 1974, NOAA 1990). This 
region, as is typical of the southwestern United States, experiences a ‘monsoonal’ climate 
with precipitation distributed in a bimodal pattern peaking in both the winter (November- 
March) and late summer (July-August) with a pronounced drought in May and June 
(Figure 3.1, McDowell et al. 2006). 
Treatment 
Fire and Fire Surrogate (F-FS) treatments consist of the most common 
manipulative management activities employed in western forest ecosystems: thinning 
trees and using prescribed fire. Specifically the experimental design was a 2 x 2 factorial 
arrangement with four treatment combinations (executed in 2002 and 03): timber harvest 
alone, prescribed fire alone, timber harvest and prescribed fire, and no treatment. 
Whenever possible, experimental treatments mimicked operational treatments being 
applied on both public and private lands across the Southwest. 
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Burning treatments were conducted in accordance with a prescription which 
called for surface fires under controlled conditions to minimize damage to residual boles 
and crowns. Treatment fire propagated throughout the stands despite a discontinuity in 
pre-harvest surface fuels (data not shown) with the aid of additional slash created during 
harvesting (C. Edminster, personal communication). 
Harvesting intensities were designed such that residual overstory stand conditions 
were identical for both cut and cut-bum treatments, with differences only in the treatment 
of slash. For safety reasons, cut-only treatment areas could not be left with unsafe levels 
of residual fuels. Consequently these fuels were centrally piled and burned in such a way 
as to limit the impact on the residual stand. In the cut-bum treatment areas residual 
harvesting slash was left (lopped and scattered) for later consumption in the post-harvest 
prescribed fire. F-FS managers targeted a post-harvest stand condition of 35 trees/ha 40 
cm diameter at breast height or larger, which equates to 9.2 m2/ha. Due to natural 
variations in forest demographics (data not shown) it was necessary to harvest slightly 
more from some areas. A general basal area quotient of 1.24 (10 cm classes) was 
selected to provide for a reasonable and historically accurate diameters distribution. 
Sampling 
Beginning in November 2005 four trees were randomly sampled at each of the 
twelve plots (four treatments combinations at three sites) each month for a total of eleven 
months. All trees were identified as post-settlement ponderosa making them part of the 
1918-1919 seed crop; a cohort which dominates many ponderosa pine forests (Ronco et 
al. 1985, Savage et al. 1996). Trees averaged 16.5 m (±2.2 m) tall and 33.6 cm (±3.7 
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cm) at breast height. Each tree was sampled by randomly locating a primary root as it 
departed from the root collar. Using a blade, secondary xylem tissue was exposed at the 
point where the root departed the root collar, whereupon two cylinders (or plugs, 
typically 1.25 cm in diameter and ~4 cm long) of wood were removed at approximately 
the soil/duff interface using a 24 volt cordless drill and a 1.27 cm plug cutting bit. Root 
depth and diameter were also measured at the point of plug harvest. Wood samples were 
placed into paper bags and quickly chilled to approximately 5 °C to reduce metabolic 
activity. Samples remained cooled for less than six hours before additional processing. 
To completely arrest metabolic activity samples were dried at 70 °C until their 24 hour 
weight loss was negligible. Dried samples were ground to pass #40 mesh using Wiley 
rotary mills at 3700 rpm. 
Measurement of Carbohydrates 
Carbohydrates were extracted for high performance liquid chromatography 
(HPLC) from ground root tissue with 5 mL of 80% ethanol containing sorbitol as an 
internal standard (0.06 g sorbitol per 100 mL of 80% ethanol). Once resuspended, 
samples were incubated in a 54 °C water bath for 1 h, before being passed through a 0.45 
-pm Millipore Swinnex membrane filter (Fisher Scientific, Pittsburg Pa.). The extraction 
process was repeated three times. 
Following the initial filtering, solids were dried and set aside for 
amyloglucosidase digestion and starch analysis while the supernatants were dried of 
alcohol before being reconstituted using 5 mL of HPLC-grade water. Samples were then 
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passed through a second Swinnex filter and a conditioned Sep-Pak Cis cartridge (Waters 
Corporation, Milford, MA.) into a 1-mL vial for analysis. 
Soluble carbohydrates were separated in an ion exchange column (Shodex SC 
1011, Waters Corp.) and identified by a refractive index detector (at 40 °C) using 80 °C 
HPLC grade water as a mobile phase. To distinguish xylose from its isomer galactose, its 
identification was confirmed using a YMC Poly Amine II column (Waters Corp.). 
Preliminary work found three monosaccharides (fructose, glucose, and xylose), one 
disaccharide (sucrose), and a polysaccharide (starch) within post-settlement ponderosa 
pine roots in northern Arizona, (Parrott Unpublished). Samples were analyzed using a 
Waters’ HPLC components system and Empower Software (Waters Corp. V 3.30). These 
methods were adapted from Botelho and Vanden Heuvel (2005). 
Starch analyses were conducted on 0.2 g sub-samples by Cumberland Valley 
Analytical Services INC. (Maugansville, MD.) using an alpha-amylase digestion and 
color metric evaluation on an Astoria auto analyzer. Reactions were buffered with 30 ml 
of sodium acetate, mixed thoroughly, and placed in 100 °C for 1 hour before being 
extracted and analyzed three times. Resulting data were averaged for each sample. 
Statistical Analyses 
Analyses of variance for all data were conducted using the GLM procedure of the 
Statistical Analysis Systems software (SAS Institute, Cary NC). All tests ascribed 
significance to relationships with a Type I error of less than or equal to 0.05. In 
circumstances where main effects interacted in a significant way, the relationship was 
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further examined with the SLICE sub-option of LSMEANS by partitioning the 
interaction into the effects of one main classification within each level of the other. 
\ 
Results 
Root collar sampling locations, ranged from 2.0 to 16.5 cm deep with diameters 
of 3.0 to 44 cm where both the depth and diameter were significantly affected by 
sampling month (P < 0.0001 for both, data not shown). It was found that roots in 
harvested plots were both larger (28.9 vs. 27.9 cm, respectively, N = 268, P = 0.0203) 
and deeper (9.2 vs. 8.8 cm, respectively, N = 268, P = 0.0102) than those in un-cut plots. 
Four soluble (EtOH) sugars were detected sucrose, glucose, fructose, and xylose. 
All, four sugars were significantly affected both individually and as a group (soluble 
EtOH) by sample month (Figures 3.2, and 3.4). Fructose was influenced the most (P < 
0.0001), with concentrations ranging from a peak of 0.75 % in February to a low of 0.33 
% in May. Glucose displayed a roughly parallel pattern (P < 0.0001) with approximately 
50 % the concentration of fructose (Figure 3.2). Sucrose was significantly affected by 
sampling month (P < 0.0001) with peak concentrations in June (0.25 % by dry mass). 
Xylose concentrations varied significantly throughout the year (P = 0.0048) but did not 
appear to crest (Figure 3.2). Fructose and glucose significantly impacted the pattern of 
soluble carbohydrates (EtOH) throughout the season (Figure 3). 
Starch and total non-structural carbohydrates also fluctuated significantly 
throughout the year (P < 0.0001 for both). Starch concentrations peaked broadly between 
April and June, with a zenith in June of 1.1 % (Figure 3.4). Total non-structural 
carbohydrate concentrations ranged from a low of 1.1 % in September to a high of 1.9 % 
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in June (Figure 3.4). Total non-structural carbohydrates expressed a secondary peak in 
February. 
Overall, burning was found to decrease xylose concentrations (P = 0.0506) a 
reduction from 0.1 to 0.09 % (Figure 3.3). In contrast, burning increased glucose 
concentrations; however, this effect was limited to February (P < 0.0001). Burning did 
not significantly affect sucrose or xylose concentrations. Sucrose concentrations were 
significantly increased (0.10 to 0.12 %, P = 0.0360) as a result of the cutting treatment 
(Figure 3.3). Similar effects from cutting were not observed with other carbohydrates. 
Burning yielded significantly different total non-structural carbohydrate 
concentrations in three months: February, June, and July (P = 0.0491). Reserve 
concentrations on burned plots were higher than their un-bumed counterparts in 
February. This relationship was reversed in June and July where burned plots were 
recorded to have lower concentrations of total non-structural carbohydrates (Figure 3.5). 
Discussion 
Grulke et al. (2001) suggested that coarse root monosaccharides of post¬ 
settlement, Californian ponderosa pine did not vary between June and October. Our 
findings suggest that this was not the case in northern Arizona. We found that post¬ 
settlement ponderosa pine non-structural soluble (EtOH) carbohydrates both individually 
and grouped fluctuated significantly throughout the year and were typically in lower 
concentrations (Figures 3.2, and 3.4). Affected sugars included sucrose, glucose, 
fructose, and xylose. This result was expected, as previous work (Parrott Unpublished) 
identified ponderosa pine root carbohydrate components, and additional studies have also 
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refuted Grulke et al. (2001) with documented fluctuations in the reserve levels of various 
other tree species (Tschaplinski and Blake 1994, Kramer, and Kozlowski 1997, Bollmark 
et al. 1999, Grulke et al. 2001, Livonen et al. 2001, Ludovici et al. 2002). However, it is 
reasonable to suggest that a change in concentration from 0.10 to 0.12%, as was the case 
for sucrose, may mathematically represent a significant change, but have limited 
biological effects. 
Our findings showed that soluble carbohydrate concentrations when combined as 
a group were greatest in late winter while sucrose peaked in June. Xylose concentrations 
varied significantly, but were typically very low and did not present a clear zenith. 
Despite being mathematically significant, fluctuations in xylose concentration were very 
small (albeit patterned) suggesting that such changes may not have constituted any 
measurable biological effects. 
Individual carbohydrate results were somewhat unexpected, as we had predicted 
soluble sugar concentrations to change in concert as described by Livonen et al. (2001) in 
response to precipitation-enabled photosynthesis. However, this hydration-limited 
relationship appears tighter and storage more closely linked to environmental conditions 
(as proposed by Verdaguer and Ojeda in 2002) when the sugars were grouped. Total 
soluble sugars and total non-structural carbohydrates following the precipitation patterns 
of northern Arizona yielded two photosynthate peaks, a bi-modal pattern with one peak in 
early spring (snow melt) and a second, potentially correlated with the monsoon season, in 
late summer (Figures 3.1 and 3.4). Another possible explanation for the second 
photosynthate peak involves the cessation of tree growth (Adams and Kolb 2005). 
Because the second total non-structural carbohydrate peak is less pronounced and is 
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initiated following a marked decline in carbohydrates, it could be proposed that the 
abrupt change in March from a decline to a slow recovery may be more closely tied to the 
cessation of spring growth. Had spring growth and its accompanying demand on stored 
reserves not occurred, it is conceivable that total non-structural carbohydrate 
concentrations would have increased from December through June. 
Starch concentrations were effected somewhat differently than soluble 
carbohydrates concentrations. We determined that starch followed a predicted pattern 
with a low in December (0.35 % by dry mass) followed by a continuous rise through the 
spring (Figure 3.4). It is believed that like soluble carbohydrate fluctuations seasonal 
starch reserve patterns were due to a number of factors including water availability, shoot 
extension, and reproduction. As mentioned previously, snow melt in northern Arizona is 
one of two annual periods of increased moisture availability. This season is also cooler, 
creating a lower vapor pressure deficit, and thus making more water available to trees 
than during the monsoon period when trees are both drought and thermally stressed 
(Schubert 1974, Laurence et al. 1994, Kolb and Robberecht 1996, King et al. 1997, Kaye 
et al. 1999). Available moisture allows for photosynthesis (Kolb and Robberecht 1996, 
Law et al. 2001), the storage of carbohydrate reserves (Livonen et al. 2001), and thus 
growth (Irvine et al. 2002), which requires considerable reallocation of stored reserves 
(Griffin et al. 1996). We believe that it is this growth that is reflected in increased 
concentrations of glucose and fructose in late winter (Figure 3.2) and that these 
carbohydrates are evidence of mobilization from reserves to fuel growth and 
reproduction. Further evidence that mobilized glucose and fructose are present for 
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growth is that their concentrations drop precipitously in March, coinciding with the end 
of candling in northern Arizona (T. Kolb, personal communications). 
This experiment found fewer treatment effects than expected. Burning reduced 
xylose (a minor carbohydrate, by concentration) concentrations overall but only 
significantly reduced total non-structural carbohydrates in June and July (Figure 3.5). To 
complicate matters, in February, plots that had been burned contained significantly more 
total non-structural carbohydrates than plots that had not been treated with fire. It was 
expected that fire application would produce tree injuries, as thermal exposure to root 
collars and stems may damage cambial tissues (Ryan and Steele 1989, Ryan and 
Frandsen 1991, Swezy and Agee. 1991, Hart et al. 2005) and that recovery from such 
injuries would reduce stored reserves (Hart et al. 2005). The presence of increased 
carbohydrate reserves in February requires further investigation. 
Overall sucrose concentrations were significantly greater in plots that had been 
timber harvested (0.12 %) than in those without a cutting treatment (0.10 %) (Figure 3.3). 
However, we believe that despite mathematical significance, such a change is unlikely to 
constitute any biological significance. In support of the findings from Oliver 1979 we 
believe it was possible that the cutting treatment, which preferentially removed smaller- 
diameter trees, reduced competition for soil moisture and allowed larger, more-dominant 
trees to increase root sugar concentrations. While this explanation is plausible, there are 
no corroborating data from other carbohydrates. 
This experiment has determined that ponderosa pine root collar reserves are 
primarily influenced by the snow melt of late winter. The combination of gradual soil- 
saturation and lower vapor pressure deficits of late winter provides more available 
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moisture for plant functions such as the translocation of photosynthates for storage. 
Thus, timing treatment applications for late winter will impact non-target trees when they 
possess the greatest reserve concentrations and are best able to enable recovery. 
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Figure 3.1. Average precipitation records (N=56) for Flagstaff AZ. from 1950 to 2006. 
Error bars represent a standard error of the mean (NCDC 2007). 
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Figure 3.2. Changes in ponderosa pine root collar soluble (EtOH) carbohydrate 
concentrations and starch (% dry mass) over 11 months between 2005 and 2006 in 
northern Arizona. Samples (N=48) were harvested from burning, cutting, cutting then 
burning, and control treatment plots, and data presented are means across all treatments. 
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Figure 3.3. Effects of cutting or burning on ponderosa pine root collar sucrose and 
xylose concentrations (% dry mass) in northern Arizona. Samples (N=264) were 
harvested at monthly intervals between November 2005 and September 2006. Overall, 
sucrose concentrations were significantly affected by cutting (P = 0.0360), and xylose 
concentrations were significantly affected by burning (P = 0.0506). 
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Figure 3.4. Changes in ponderosa pine root carbohydrate concentrations (% dry mass) 
over 11 months between 2005 and 2006 in northern Arizona. Data represent starch, total 
soluble carbohydrates (Soluble CHO), and total non-structural carbohydrates (TNC). 
Samples (N=48) were harvested from burning, cutting, cutting then burning, and control 
treatment plots, and data presented are means across all treatments. Error bars represent 
the standard error of the mean. 
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Figure 3.5. Effect of burning (B) or not burning (NB) on ponderosa pine root collar total 
non-structural carbohydrate concentrations (% dry mass) in northern Arizona. Samples 
(N=24) were harvested at monthly intervals between November 2005 and September 
2006. Burning did not yield significant differences in the eight months not shown. 
Overall, differences in February, June and July were significant at P= 0.0124, P = 
0.0112, and P = 0.0223, respectively. 
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CHAPTER 4 
PROJECT SUMMARY 
\ 
Ponderosa pine (Pinus ponderosa var. scopulorum Engelm) is one of North 
America’s most dominant forest cover types, providing both an important source of 
timber and of many of the recreational and esthetic benefits which have shaped the 
nation’s western development (Schubert 1974, Oliver and Ryker 1994). Ponderosa pine 
is found along the Rocky Mountains both as a component species and monoculture 
extending from southern Canada into Mexico. Commonly associated with dry 
conditions, ponderosa pine has evolved with frequent (typically 3-7 years), low-intensity 
wildfires ignited by lightning and/or indigenous peoples (Schubert 1974, White 1985, 
Mast et al. 1999, Bailey and Covington 2002). As a result of this historical fire regime, 
ponderosa stands naturally occurred in a clumped arrangement separated by expanses of 
herbaceous vegetation (Schubert 1974, Bailey and Covington 2002). Such grasses not 
only served as a continuous fuel which carried surface fires but many species also acted 
allelopathiclly, further restricting seedling establishment (Madany and West 1983). 
Consequently, pre-settlement regeneration was very low. Mast et al. (1999) 
reconstructed regeneration prior to 1876 in Northern Arizona to be 3.6 
trees/hectare/decade. 
The opening of the west to settlement by people of European decent (~1880’s 
depending on location) greatly changed ponderosa pine forests throughout much of its 
range. Beginning in the late 1800’s, and enabled by railroad expansion, large-diameter 
ponderosa pine were rapidly harvested to fuel a growing post-civil war industrial 
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revolution (Schubert 1974, Mast et al. 1999, Sesnie and Bailey 2003). This initial 
intrusion was closely followed by ranching efforts which brought intense grazing 
pressure from both cattle and sheep (Pearson 1934). With logging and ranching came 
development and thus cultural assets. 
Unfortunately, societal development could not tolerate the wildfire that had 
shaped the forest and a systematic, comprehensive fire-suppression effort was begun 
(Schubert 1974, Feeney et al. 1998, Mast et al. 1999, Skov 2005). This change, in 
conjunction with grazing-fragmented grass cover markedly improved ponderosa pine 
fecundity (Schubert 1974). However, increased seedling establishment and reduced 
mortality has resulted in ponderosa pine forests with unprecedented stem densities 
(Feeney et al, 1998, Mast et al. 1999, Stone et al. 1999, Bailey and Covington 2002). 
Increased densities have resulted in greater competition for limited resources (especially 
water) and an increased threat of stand-replacing wildfires (McCambridge and Stevens 
1982, Kolb et al. 1998, Stone et al. 1999, Irvine et al. 2002). 
Many present-day forest managers have recognized the degraded nature of the 
forests under their stewardship and have begun to implement forest restoration. The 
impetus for this effort stems from many stakeholder concerns which range from an 
altruistic wish for forest health to the practical need for wildfire safety around human 
assets. While the task of comprehensively reestablishing natural processes and historical 
stand dynamics is daunting, considerable efforts have been made around some 
communities. Typically these efforts have included timber harvesting, prescribed fire or 
their combination. 
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The stabilization of western ponderosa forests is an enormous task, encompassing 
many hundreds of thousands of hectares. Because of the scale of the problem and the 
sweeping changes its resolution might incur, it is critically important to understand the 
impacts of restoration treatments. 
This research project was designed to measure the effects of two fire-mitigation 
strategies on the residual ponderosa pine coarse root non-structural carbohydrate 
reserves. To achieve this objective the Southwest Plateau site of the United States Forest 
Service’s Fire and Fire Surrogate (F-FS) project in northern Arizona was selected for 
study. The F-FS project employed both timber harvesting and prescribed fire, two 
common dry forest management approaches, in a 2 x 2 factorial experimental design with 
four treatments (executed in 2002): timber harvest, prescribed fire, harvest followed by 
burning and control, which was left untreated. Each complete block was replicated three 
times. Experimental blocks were located within both the Coconino National Forest (35° 
16’ 11”N, 111° 44’ 30”W) ~15 km northwest of Flagstaff, Arizona, and the Kiabab 
National Forest (35° 57’ 16”N 112° 09’ 27”W) ~60 km west of Flagstaff Arizona USA. 
These areas were essentially level (<5 % slope), at ~2,255 m elevation, and dominated by 
~85 year-old ponderosa pine. 
Stored carbohydrates function as the primary source of reserve energy available to 
woody plants (Fisher and Holl 1992, Teskey et al. 1995, Wilson et al. 1995, Ludovici et 
al. 2002, Verdaguer and Ojeda 2002) and these stores been linked to stress (Laurence et 
al. 1994), disturbance recovery success (Smith 1981, Fisher and Holl 1992, Tschaplinski 
and Blake 1994), and overall vigor (Kays and Canham 1991, Grulke et al. 2001). While 
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sugars may be found throughout trees, the majority of stored reserves are located in the 
roots (Pruyn et al. 2005). 
This project adapted methods from Botelho and Vanden Heuvel (2005) to 
measure carbohydrate concentrations from ground (40#) root tissue with a triple ethanol 
extraction and a starch digestion (amyloglucosidase). Carbohydrate concentrations were 
then quantified with high performance liquid chromatography (HPLC) using sorbitol as 
an internal standard. Soluble carbohydrates were separated in an ion exchange column 
(Shodex SC 1011, Waters Corp.) and identified by a refractive index detector (at 40 °C) 
using 80 °C HPLC grade water as a mobile phase. Samples were analyzed using a 
Waters’ HPLC components system and Empower Software (Waters Corp. V 3.30). 
Ponderosa pine non-structural carbohydrate concentrations have been measured 
previously (Tingey et al. 1976, Anderson et al. 1991, Wilson et al. 1995, Lipp and 
Anderson 2003). However, previous investigations have focused on photosynthetic 
tissues and/or bole storage. This investigation was unique in that it sought to determine 
the effects of treatment on non-structural coarse root carbohydrates in situ. The objective 
of this project was to better understand ponderosa photosynthate storage patterning and 
how this arrangement is affected by treatment. It is hoped that these findings will allow 
researchers to better evaluate both the impacts of restoration treatments and damaging 
agents, as well as provide general insight into ponderosa pine forest health in western 
North America. 
In August 2004 an initial field (limited to untreated areas) sought to determine 
ponderosa pine root sugar components and reserve storage arrangement along coarse 
roots. Roots were manually exposed to a distance roughly equal to an average drip-line 
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radius (3 meters). Initial samplings were expected to serve as a discovery phase for the 
project. 
Untreated ponderosa pine coarse roots were typically restricted to the top 30 
centimeters of the soil profile with a significant negative correlation between root depth 
and diameter (P = 0.005). Within these roots total non-structural carbohydrates varied 
between 1.8 to 3.6 % of dry mass with individual soluble sugars and starch varying from 
0.1 to 3.3 % of the total dry mass. These compounds increased in concentration 
significantly with distance from the root collar. However, it is worth noting that because 
root diameter and therefore root volume declined as roots extended from the stem, total 
carbohydrate storage declined significantly as roots extended. This finding suggests that 
photosynthate reserves stored in root tissue are preferentially located closer to both the 
source of carbohydrate production and the site of greatest respiratory need. This 
arrangement reduces transport distance and thus mobilization time. Naturally, fine roots 
also have metabolic requirements (Lipp and Anderson 2003). However, the respiratory 
requirements of root tissue are considerably less than that of the photosynthetic 
apparatus, Van den Driessche reported in 1988 that in herbaceous plants, daily root 
respiration may require as little as 5% of total carbohydrate production. 
The relationships between distance from root collar and total carbohydrate storage 
were best described by linear equations, which accounted for between 78 and 93 % 
(depending on individual carbohydrate) of the variability in carbohydrate storage. 
Sucrose, glucose, and fructose concentrations varied significantly (P = 0.0109, 0.0395, 
and 0.0472 respectively) between the inner and outer portions of root a roofs cross- 
section with outer tissues containing greater concentrations of sugars. Such differences 
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were not found for xylose, starch, or total combined non-structural carbohydrates (P = 
0.2563, 0.8616, and 0.0899 respectively). While findings of radial storage variability 
were interesting, they were not pursued further with this project. 
Initial findings were similar to, but typically less than, those found during 
investigations of other species (Ludovici et al. 2002, Wilson et al. 1995) and of nursery 
bed ponderosa seedlings (Tingey 1976). This discovery suggested that trees growing in 
conditions maintained by a natural disturbance regime are able to store more 
carbohydrate reserves than ponderosa pine sampled in untreated plots. Despite interesting 
results, early samplings were limited to a single treatment and sampling date. To explore 
the initial findings further, the 2005 field season involved all four treatment areas (Bum, 
Cut, Cut then bum, and Untreated) and samples were harvested twice. Sampling dates 
were chosen to view carbohydrate concentrations at their predicted maximum and 
minimum. It was hypothesized that sugar concentrations would be greatest in the spring 
following snow-melt but before candling (May). We expected sugar levels to be greatly 
reduced by August, prior to the monsoon season but after both reproduction and shoot 
extension. 
Findings from the second field season suggest that carbohydrate reserves were 
affected by both the type of disturbance and sampling season; many of these affects were 
consistent across sugar type. This uniformity was evidenced as soluble sugar 
concentrations were all significantly lower in the fall in the absence of fire, suggesting a 
seasonal decline. However, if the trees had been treated with fire, concentrations were 
similar between the seasons. Notably sucrose concentration was the only result to be 
significantly affected by burning overall (P = 0.05) with a reduction from 0.23 to 0.16%. 
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These findings somewhat contradict the initial conclusions which suggested that 
untreated ponderosa pine trees have lower carbohydrate reserves and thus be less 
vigorous than those found in open conditions, such as those maintained by a natural 
disturbance regime (Kolb et al. 1998, Oliver 1979, Oliver and Ryker 1994, Ronco et al. 
1985, Schubert 1971, 1974). 
It is possible that more profound burning effects existed directly following 
prescribed fires and that recovery over the three years since treatment lessened these 
differences. It is also reasonable to conjecture that trees would recover differently from 
a cutting treatment. While prescribed fire is universal, exposing all the stems to thermal 
impacts (albeit to varying degrees) logging is more selective, especially in low stocking 
conditions (Ryan and Steele 1989, Oliver and Larson 1990, Ryan and Frandsen 1991, 
Swezy and Agee 1991). Consequently, trees standing following the cutting treatment 
likely only had limited direct impacts. 
Another curious finding in 2005 involved glucose, where despite insignificant 
overall differences, burning and cutting effects interacted to produce interesting results. 
We found that burning significantly decreased glucose concentrations on plots that had 
been logged (P = 0.0224), a finding in contrast with the uncut plots where burning 
significantly increased glucose concentrations albeit at P = 0.057. Richburg (2005) 
showed that cutting and burning would reduce storage concentrations below that of 
cutting alone a result that was attributed to affected plants having to recover 
(reflush/resprout) from two disturbance events. However it is less clear why burning 
alone would appear to have increased glucose concentrations while other sugars were not 
affected. 
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By August both starch and total non-structural carbohydrate concentrations were 
also found to be lower than May (because starch is the major component of TNC the two 
indices were often linked). This result which was independent of treatment suggests that 
during the summer (May - August) ponderosa pine experience a period of resource 
shortage resulting in low photosynthetic activity and thus a period which draws on 
reserves. This finding is not entirely unexpected, as summer in northern Arizona is 
typically droughty (NOAA 1990) and plants living under moisture stress are typically 
less photosynthetically active (Arndt et al. 2001, Irvine et al. 2002). Other studies under 
similar conditions have found that net carbon uptake, pre-dawn moisture potential and 
resistance to pathogens is also lower in the August (Kolb et al. 1998, Law et al. 2001, 
Irvine et al. 2002). 
As was the case in 2004, we found that overall total non-structural carbohydrates 
varied between 1.8-3.6 %, while individual sugars and starch varied from 0.1 to 3.3% of 
the total dry mass making TNC concentrations lower than those recorded by Grulke et al. 
(2001), and Anderson et al. (1997). These fluctuations were strongly trended with 
significant increases in concentration associated with distance from the root collar. One 
possible explanation for this change is that root diameter was also significantly reduced 
with distance from the bole. This change strongly influenced the surface area to volume 
ratio of the roots and may have affected sugar storage patterns. Similar results were 
described by King et al. (1997) who suggest that ponderosa pine roots although longer 
than coexisting species, possessed similar rates of taper. 
As was also the case in the previous year, we found that root depth increased 
significantly with distance from the root collar. However, it seems unlikely that this 
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factor contributed to the arrangement of carbohydrate stores. None the less, it is 
interesting to note that despite a reduction in duff (data not shown), roots in the burning 
treatment were not significantly closer to the soil/duff interface than others. Conversely, 
the cutting treatment resulted in significantly shallower roots. It is believed that this 
result is attributable to the mechanized harvesting operation employed in the cut plots. 
Similar harvests have also yielded soil compaction (Curtis 1961). 
Sampling methods during the 2004 and 2005 seasons were similar with randomly 
chosen roots mechanically exposed for three meters. This technique for evaluating 
coarse root carbohydrate reserves was thorough, but time consuming (sampling = ~3 hrs 
per tree) which limited the number of trees which could be sampled. This restriction may 
have compromised the resulting clarity of the data; had more trees been sampled per plot, 
it is possible that some treatment effects would have been more identifiable. Another 
drawback to the 2004-05 sampling method was that exposing roots required the 
movement of considerable amounts of soil. In doing so the ground (and soil horizons) 
surrounding each tree was significantly disturbed, altering the available habitat for 
herbaceous plants. It is also possible (although untested) that exposing, drilling and in 
some cases severing a root caused sampled trees to decline. With these concerns in mind, 
it was decided that a new method for sampling would be chosen; one that was less 
invasive, quicker, and allowed for a more complete testing of each treatment. The new 
sampling method called for the brief exposure of a single root as it left the root collar 
whereupon two plugs of root tissue are removed with a cordless drill. Further sample 
processing and FIPLC extraction methods remained consistent. 
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To determine if root collar sampling would serve as a proxy for whole root 
extraction several correlation analyses were performed on the 2005 data. Root collar 
carbohydrate concentrations were significantly correlated with 1, 2, and 3m sampling 
locations for all sugars and sugar groups with the exception of 3-m sucrose (P = 0.1861) 
and 2- and 3-m xylose (P = 0.2989 and 0.2414 respectively). Concentration correlations 
ranged from a low of 0.1176 (2-m xylose) to 0.7629 (2-m starch) with relationships 
becoming tighter with proximity. 
Another concern raised with the 2004-05 sampling season was that roots might 
vary in carbohydrate concentration within a tree and that only one root per tree had been 
sampled. In 2006 to test this theory fifteen trees were randomly selected in an untreated 
area adjacent to the F-FS study plots. Five of the largest lateral coarse roots were 
randomly selected and exposed for 0.5 m before being sampled. This test found that 
roots did vary within trees. However, differences between roots were less than 
differences between trees. This finding supported our selection of single roots as 
representations of stand conditions 
At this point in the project we had an understanding on carbohydrate elements, 
how they were affected by treatment and the degree to which they declined over a 
summer season. While these findings were very useful, we still could not describe how 
ponderosa pine storage reserves changed throughout the year. Thus beginning in 
November 2005 a final experiment was begun to measure the effect of the four F-FS 
treatments (Burning, Cutting, Cutting and Burning, and Untreated) on root collar non- 
structural carbohydrate concentrations. Four trees were sampled at each of the 12 plots 
(four treatments at three instillations) each month four 11 months. Samples were 
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harvested (with the new, less-invasive sampling method) from root collars with a cordless 
drill and plug cutter; resulting materials were processed and measured with a HPLC 
machine. 
Our findings did not match those of Grulke et al. (2001) who suggested that post¬ 
settlement, Californian ponderosa pine coarse root monosaccharides did not vary between 
June and October. We found that post-settlement ponderosa pine non-structural soluble 
carbohydrate concentrations fluctuated significantly throughout the year, affecting all 
measured sugars, sucrose, glucose, fructose (P <.0001 for all) and xylose (P = 0.0048). 
This result was expected as previous studies have documented fluctuations in the reserve 
levels of various other tree species (Tschaplinski and Blake 1994, Kramer, and 
Kozlowski 1997, Bollmark et al. 1999, Grulke et al. 2001, Livonen et al. 2001, Ludovici 
et al. 2002). 
Our findings showed that soluble carbohydrate concentrations were greatest in 
late winter for glucose and fructose while sucrose peaked in June. Xylose concentrations 
varied significantly (P = 0.0048) but did not present a clear zenith. These results were 
somewhat unexpected as we had predicted soluble sugar concentrations to change in 
concert as described by Livonen et al. (2001) in response to precipitation enabled 
photosynthesis. Had this hydration-limited relationship been tighter and storage been 
more closely linked to environmental conditions as proposed by Verdaguer and Ojeda 
(2002), the data would have yielded two photosynthate peaks, one in early spring (snow 
melt) and a second in late summer (monsoon season). Total non-structural carbohydrate 
concentrations more closely matched this bi-modal pattern. Following precipitation 
patterns in northern Arizona total non-structural carbohydrate concentrations were 
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greatest in late winter, coinciding with snow melt. A second peak was recorded in June 
that could be loosely attributed to the monsoon season. However, as the second peak is 
less pronounced and is followed by a marked drop-off, it seems unlikely that monsoonal 
rains increased the storage of photosynthates. The measured change in March from a 
decline in total non-structural carbohydrate reserves to a slow recovery may be more 
closely tied to the cessation of spring growth. 
Starch concentrations were found to follow a predicted pattern with a low in 
December (0.2 % by dry mass) followed by a continuous rise through the spring. After 
May, starch concentrations declined to initial concentrations. It is believed that this 
pattern was due to a number of factors including water availability, shoot extension, and 
reproduction. As mentioned previously, snow melt in northern Arizona is one of two 
annual moisture periods. This season is also cooler, creating a lower vapor pressure 
deficit, and thus making more water available to trees than during the monsoon period 
when trees are both drought and thermally stressed (Schubert 1974, Laurence et al. 1994, 
Kolb and Robberecht 1996, King et al. 1997, Kaye et al. 1999). 
Available moisture allows for photosynthesis (Kolb and Robberecht 1996, Law et 
al. 2001), the storage of carbohydrate reserves (Livonen et al. 2001), and thus growth, 
which requires considerable reallocation of stored reserves (Griffin et al. 1996). It is this 
growth that is reflected in increased glucose and fructose concentrations in late winter. It 
is believed these carbohydrates are evidence of mobilization from reserves to fuel growth 
and reproduction. Further evidence that glucose and fructose are present for growth is 
that their concentrations drop precipitously in March, coinciding with the end of candling 
in northern Arizona (T. Kolb, personal communications). 
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This final experiment found fewer treatment effects than expected. Burning 
reduced xylose concentrations overall (P = 0.0506) but only significantly reduced total 
non-structural carbohydrates in June and July. To complicate matters, in February plots 
that had been burned contained significantly more {P = 0.0124) total non-structural 
carbohydrates than plots that had not been treated with fire. It was expected that fire 
application and the accompanying thermal exposure would produce tree injuries to 
cambial tissues and that the recovery from such injuries would reduce stored reserves 
(Hart et al. 2005). The presence of increased carbohydrate reserves in February requires 
further investigation. 
Monthly sampled sucrose concentrations were significantly greater in plots that 
had been timber harvested (0.12 %) than in those without a cutting treatment (0.10 %, P 
= 0.0360), a statistical difference that may or may not be biologically distinguishable. It 
is possible that the cutting treatment, which preferentially removed smaller-diameter 
trees, reduced competition for soil moisture and allowed larger, more-dominant trees to 
increase their reserves. While this explanation is plausible, there are no corroborating 
data from other carbohydrate species. 
This project has determined that ponderosa pine root reserves are composed of 
stored sucrose, glucose, fructose, xylose and starch. Fructose typically was most 
abundant while xylose was frequently absent from samples. We found that ponderosa 
pine reserves were primarily influenced by the snow melt of late winter and that non- 
structural carbohydrate concentrations in the coarse roots remain lower in many plots 
treated by either prescribed fire or timber harvest for as long as four years following 
treatment. While these findings may concern some as they suggest that ponderosa pine 
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forest restoration will reduce the overall forest vigor it seems a reasonable exchange to 
reestablishment of natural disturbance processes and improved safety for human assets. 
Wildfire is a force of nature that has been a part of western ecosystems for thousands of 
years and ponderosa pine forests have evolved with fire; the very element that established 
their dominance. Hence it is illogical to imagine that fire exclusion can continue 
indefinitely. Forest restoration and its accompanying reduction in stem density are the 
only chance ponderosa pine forests have to reverse the threat of a stand replacing wildfire 
event. 
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Rudd’s Tank Fire/Fire Surrogate Stands and Grids 
Grazing Exclosures (Plot Orientation) 
Elk Deferral Areas 
Entry Tree 
Non-Inventory Grid Point 
Inventory Grid Point 
Robert Speer, 2003 
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KA Hill Fire/Fire Surrogate Stands and Grids 
Unit 4: Buri 
Unit 2: Cut & Burn 
Unit 3: Control 
Unit 1: Cut 
■■ ■ 
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Meters 
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Robert Speer, 2003 
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Powerline Fire/Fire Surrogate Stands and Grids 
Unit 321: Control 
Unit 323: Cut 
Unit 324: Burn tar: 
Unit 322: Cut & Burn 68«m». 
I 
Grazing Exclosures (Plot Orientation) 
Elk Deferral Areas 
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0 50 100 200 300 400 
Meters 
Inventory Grid Point 
Robert Speer, 2003 
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Appendix B 
CARBOHYDRATE EXTRACTION PROCEDURES 
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Carbohydrate Analysis 
Adapted from those written by Michelle R. Botelho, Umass Cranberry Exp. 
Station. 2004 
1. Label Fisherbrand plastic culture test tubes (16 X 125 mm, Fisher Catalog # 
14-956-7C), which is supported in a Fisherbrand Three-Tier Polypropylene 
Rack (40 holes, Fisher Catalog # 14-809B). 
2. Weigh out 100 mg (0.100 g) of ground tissue or root sample into labeled test 
tube. 
3. Make 80% Ethanol solution containing selected internal standard (0.025 g of 
Sorbitol per 100 mis of 80% Ethanol). You will need 15 mis per sample. For 
32 samples you will need 0.125 g of Sorbitol and 500 mis of 80% Ethanol. 
4. Attach gray plastic adapter to Eppendorf Repeater Plus Pipette and insert 50 
ml tip. Set pipette to dispense in 2.5 ml increments by adjusting switch on top 
until “2.5 ml” is read in the window. Using the pipette, wash any of ground 
sample from the sides of the plastic test tube into the plastic test tube. Use 2 
squirts (5 mis) of 80% Ethanol containing selected internal standard 
(0.025g of Sorbitol per lOOmls of 80% Ethanol) to wash in the sample. 
5. Place the Three-Tier Rack containing the sample test tube into the Isotemp 
120 Water Bath. Set the temperature control at a little before 6 and the limit 
control at 7. This will yield a temperature of approximately 54°C. Keep an 
eye on the thermometer to make sure. 
6. Incubate/extract the sample for 1 hour. 
7. Set up filter apparatus. Place a Millipore Membrane Filter (kept in chemical 
cabinet, Fisher Catalog # HAWP01300) and an O-ring inside a Millipore 
Swinnex Filter (Fisher Catalog # SX0001300) and screw together. Attach the 
Swinnex filter to a lOcc BD Brand Disposable Syringe (Fisher Catalog # 14- 
826-13). Remove the syringe plunger before attaching the filter. 
8. Label Fisherbrand Glass Scintillation Vials (20 ml size, Fisher Catalog # 03- 
337-4). Glass scintillation vials are supported in a Fisherbrand Two-Tier 
Polypropylene Test Tube Rack (24 holes, Fisher Catalog # 03-337-13). 
9. Remove sample from water bath and allow to cool. Water bath remains on. 
10. Pour only the liquid part of the sample from the plastic test tube into the 
syringe with the Swinnex filter attached and push through with the plunger 
into its appropriately labeled Glass Scintillation Vial. 
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11. Using the same pipette as mentioned in Step 4, set the pipette to dispense 5.0 
mis and add 1 squirt (5 mis) of the 80% Ethanol containing selected internal 
standard (0.025g of Sorbitol per lOOmls of 80% Ethanol) to the plastic test 
tube containing the sample. 
12. Incubate/extract the sample for 1 hour. 
13. Reset the filters. Be sure to remove the filter from the syringe before 
removing the plunger. 
14. Remove samples from water bath and allow to cool. Water bath remains on. 
15. Pour only the liquid part of the sample from the plastic test tube into the 
syringe with the Swinnex filter attached and push through with the plunger 
into the Glass Scintillation Vial mentioned in step 10. 
16. Using the same pipette as mentioned in Step 11, add 1 squirt (5 mis) of the 
80% Ethanol containing selected internal standard (0.025g of Sorbitol per 
lOOmls of 80% Ethanol) to the plastic test tube containing the sample. 
17. Incubate/extract the sample for 1 hour. 
18. Reset the filters. Be sure to remove the filter from the syringe before 
removing the plunger. 
19. Remove samples from water bath and allow to cool. Water bath remains on. 
20. Pour only the liquid part of the sample from the plastic test tube into the 
syringe with the Swinnex filter attached and push through with the plunger 
into the Glass Scintillation Vial mentioned in step 10. Do Not add the 80% 
Ethanol containing selected internal standard this time. 
21. Place the Two-Tier Rack containing the glass scintillation vial (now 
containing 15 mis of filtrate) back into the water bath at a temperature of 
54°C. Allow filtrate to completely dry down. This process could take 24+ 
hours. 
22. Place the solid part of sample, still in the plastic test tube, in the water bath for 
later Starch Analysis. See Starch Analysis Procedure. 
Done either on first or second sample prep day: 
Set up filters for sep-pak(#23), make standards (procedure is located next to the 
scale), label HPLC vials, sample method 
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23. Place a Millipore Membrane Filter (kept in chemical cabinet, Fisher Catalog # 
HAWP01300) and an O-ring inside a Millipore Swinnex Filter (Fisher 
Catalog # SX0001300) and screw together. Remove the syringe plunger. 
Attach the Swinnex filter to a lOcc BD Brand Disposable Syringe (Fisher 
Catalog # 14-826-13). Set this whole apparatus aside for the moment. 
24. Once filtrate in glass scintillation vial is completely dried down, remove from 
water bath. Reconstitute sample using 5mls of HPLC Grade Water (Fisher 
Catalog # W5-4) measured with a bottle top dispenser. 
25. Be sure the entire dried sample is removed from edges of glass scintillation 
vial. Do this by using the vortex mixer to stir the samples and then scraping 
all the material from the sides and bottom. Use a Fisherbrand Chemi-Scraper 
Spatula (Fisher Catalog # 14-373) for this procedure. Set glass scintillation 
vial aside. 
26. Once all material has been removed from the sides and bottom of all the glass 
scintillation vials return them to the heated water bath for 10 min. Remove 
the glass scintillation vials and use the vortex mixer to stir the samples. 
27. Prepare the Waters Sep-Pak Cartridges (Waters Part # WAT020515). 
a. Attach the sep-pak to a lOcc BD Brand Disposable Syringe with the 
plunger removed. Using a bottle top dispenser, add 5 mis of Methanol 
to the syringe. Push Methanol through the sep-pak with the plunger 
into a waste container just to the point that all the Methanol has passed 
through. It is very important that once the conditioning of the sep- 
pak begins, that it not be allowed to dry out. Do Not allow air to be 
pushed through the sep-pak after the 5 mis of Methanol has passed 
through. 
b. Remove sep-pak from Methanol syringe, and attach to a different 
syringe with the plunger removed. Using a bottle top dispenser, add 5 
mis of HPLC Grade Water to the syringe. Push HPLC Grade Water 
through the sep-pak with the plunger into a waste container just to the 
point that all HPLC Grade Water has passed through. It is very 
important that once the conditioning of the sep-pak begins, that it 
not be allowed to dry out. Do Not allow air to be pushed through the 
sep-pak after the 5 mis of Water has passed through. 
28. Attach the conditioned sep-pak to the syringe apparatus prepared in Step 23. 
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29. Vortex the glass scintillation vial for to be sure no sugars have settled to the 
bottom of the sample and pour the liquid into the syringe. Push through with 
the plunger the first 10-15 drops of the filtrate into a waste container. After 
that, start collecting the filtrate into a small 1 ml glass HPLC vial. Be sure the 
glass HPLC vial is labeled with the corresponding sample ID from the glass 
scintillation vial. Discard any sample filtrate that does not fit into the HPLC 
vial. 
30. Using a clear cap, secure the sample vial for testing. 
31. If sep-pak cartridges are being re-used once: 
a. Attach the sep-pak to a 1 Occ BD Brand Disposable Syringe with the 
plunger removed. Using a bottle top dispenser, add 5 mis of 2% 
Acetic Acid in Methanol to the syringe. Push 2% Acetic Acid in 
Methanol through the sep-pak with the plunger into a waste container 
just to the point that all the 2% Acetic Acid in Methanol has passed 
through. It is very important that once the conditioning of the sep- 
pak begins, that it not be allowed to dry out. Do Not allow air to be 
pushed through the sep-pak after the 5 mis of 2% Acetic Acid in 
Methanol has passed through. 
b. Attach the sep-pak to a lOcc BD Brand Disposable Syringe with the 
plunger removed. Using a bottle top dispenser, add 5 mis of Methanol 
to the syringe. Push Methanol through the sep-pak with the plunger 
into a waste container just to the point that all the Methanol has passed 
through. It is very important that once the conditioning of the sep- 
pak begins, that it not be allowed to dry out. Do Not allow air to be 
pushed through the sep-pak after the 5 mis of Methanol has passed 
through. 
c. Remove sep-pak from Methanol syringe, and attach to a different 
syringe with the plunger removed. Using a bottle top dispenser, add 5 
mis of HPLC Grade Water to the syringe. Push HPLC Grade Water 
through the sep-pak with the plunger into a waste container just to the 
point that all HPLC Grade Water has passed through. It is very 
important that once the conditioning of the sep-pak begins, that it 
not be allowed to dry out. Do Not allow air to be pushed through the 
sep-pak after the 5 mis of Water has passed through. 
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Appendix C 
STARCH EXTRACTION PROCEDURES 
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Starch Analysis 
Conducted by Cumberland Valley Analytical Services INC. (Maugansville, MD.) 
Morning Set Up 
• Turn on oven to 100 C 
• Turn on heating shaker to 60 C 
• Read on Astoria Auto-Analyzer 
Procedure 
1. Weigh sample into 50ml tubes 
a. Weigh samples in triplicate. The 3rd tube will be a ‘blank ’ 
i. Place these tubes in a separate rack - will be treated differently 
b. Sample weight: 
i. Com grain (letters J, K,L) and QC 1—0.15 grams (range: 0.15 to 
0.17) 
ii. All other samples and QC 2 — 0.20 grams (range: 0.20 to 0.22) 
iii. QC 3 — 0.10 grams (range: 0.10 to 0.12) 
iv. Record all weights to four decimal places 
c. Process two tubes as reagent blank 
i. No sample 
ii. Carried throughout process 
2. Add 30 ml Sodium Acetate Buffer to all tubes using a pre-set dispenser 
3. Add lOOul Spezyme Fred (alpha-amylase) to reagent and sample tubes only using 
repeater pipette with a 5ml tip 
a. Prime dispenser several times before adding liquid to tube 
b. Add directly to center of tube; do not allow drop to run down side of tube 
c. Keep container in refrigerator when not in use 
4. Stopper tubes, shake and invert tubes several times to completely mix 
5. Remove stoppers and place tubes in preheated 100 C oven for 1 hour 
6. Process ‘3U tube ’ Blanks while other tubes are in oven 
a. 30ml of Sodium Acetate buffer should already be in tube from above step 
b. Add 20ml DI water (14ml D1 plus 6 ml DI to correct for volume of 
validase) 
c. Stopper tubes and shake 
d. After at least 15 minutes, filter sample into pre-numbered 12x75 test tubes 
e. These samples are ready to be read on analyzer 
7. Remove tubes from oven and let cool on counter for Vi hour 
a. While tubes cool, prepare validase solution 
b. Ensure heater/shaker is turned on and warmed to 60 C 
8. Add 6ml validase solution to tubes 
9. Stopper and invert well to mix 
10. Remove stoppers and place tubes in 60 C heating shaker for two hours 
a. Set shaker speed to 150 rpm 
b. While in shaker, number and set up 12 x 75 test tubes 
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c. Place funnels and filter paper into test tubes 
11. Transfer tubes to 100 C oven for Vi hour 
12. Remove tubes from oven and add 14ml D1 water to tubes using pre-set pump 
13. Stopper tubes and shake well to mix 
14. Carefully filter into pre-numbered 12 x 75 test tubqs 
a. Pour slowly 
b. try to avoid the precipitate going into the filter 
15. Ready to read samples on Analyzer 
Clean Up 
• Pour the remaining test tube liquid down the drain with plenty of water. 
• Wash all tubes with Sparkleen and scrub with a brush. Rinse well. Place tubes in 
150 C oven for 10 minutes. Then turn tubes over for additional 10 min until dry. 
• Rinse stoppers with water. Drain in colander. 
• Wash all funnels with Sparkleen and rinse well. Place on rack to dry 
Reagent Preparation 
Validase Solution 
2000 ml total solution (for 332 tubes): 
Measure 120 ml validase using a graduated cylinder 
Add to a 2 L volumetric flask Vi filled with DI water 
Swirl lightly to mix 
Add DI water until bottom of meniscus is on line of flask 
Alternate volume: 
60 ml validase to 1 L DI (165 tubes) 
Sodium Acetate Buffer 
See separate document 
Safety 
Wear gloves and eye protection throughout 
acid and alpha-amylase can cause severe damage to eyes and skin 
Disposal 
Waste solution from this procedure can be dumped down the drain. Flush with water 
after disposal. 
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Supplies 
13x100 test tubes: 1000A35 Thomas Scientific 
P8 filter paper: 09-795D Fisher Scientific or 28320-085 VWR 
Small funnels 
Stoppers 
25 x 200 test tubes: 14-925N Fisher Scientific 
Validase GA: Valley Research 574-232-5000 
Spezyme Fred (alpha-amylase): A05408 Bio-Cat 1-877-912-4622: 
As of FEB 2007 new name: Multifect AA 21L 
As of July 2007 new name: Thermostable Amylase HTL 
Sodium acetate, anhydrous: CCI 4785PV 
Glacial acetic acid: CCI 0060G 
Volume Check 
1. Must use a balance capable of 1 OOg 
2. Weigh test tube (use a tared cup to set tube in so it is straight) and record weight 
3. Weigh sample as described above and place in tube 
4. Process samples as described above 
5. After the addition of the 15 ml DI water, but before filtering, weigh tube and 
contents Use the tared cup to keep tube upright 
Be very careful no liquid is spilled inside balance 
6. Cap and shake tube and filter as described above 
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0.1M Sodium Acetate Buffer 
Sodium Acetate: 
1. Weigh 164.1 g Sodium Acetate anhydrous into a carboy partially filled with DI 
water (0.1641kg) 
2. Add magnet, and place carboy on stir plate until all chemical is dissolved 
3. Fill to 20L mark with DI 
4. Stir 
Acetic Acid: 
5. Weigh 48.0 g glacial Acetic acid into a carboy partially filled with DI water 
(0.048kg) 
6. Add magnet, and place carboy on stir plate until mixed 
7. Fill to 8L mark with DI 
8. Stir 
Combine: 
9. Fill carboy with 12L Sodium Acetate solution (prepared above) 
10. Add 5L Acetic acid solution (prepared above) to same carboy 
11. Add magnet, and place carboy on stir plate 
12. While solution is stirring, check pH. If pH must equal 5.0 +/- 0.1: 
a. If pH is low = add Sodium Acetate solution in 100 mL increments 
b. If pH is high = add Acetic acid solution in lOOmL increments 
c. Allow solution to mix well before adding additional solution 
13. Once correct pH is obtained, remove stir bar and cap carboy 
14. Label carboy with date, initials of preparer and pH value 
Initial carboys will make 1 and 14 batches. To make a !4 batch: 
15. Use 10L carboy and fill with: 
a. 6 L Sodium Acetate solution 
b. 2 L Acetic acid solution 
16. Add magnet, and place carboy on stir plate 
17. While solution is stirring, check pH. If pH is not 5.0: 
a. If pH is low = add Sodium Acetate solution in 50 mL increments 
b. If pH is high = add Acetic acid solution in 50mL increments 
c. Allow solution to mix well before adding additional solution 
18. Once correct pH is obtained, remove stir bar and cap carboy 
19. Label carboy with date, initials of preparer and pH value 
Before making new solution, rinse carboy several times with a small amount of DI water. 
If solution sits for several days, recheck pH and make adjustment as necessary. 
To calibrate pH meter: 
1. Turn on meter 
2. Turn knurled knob on top of probe to open position 
3. Press Setup twice (will read clr) and press enter 
116 
4. Place probe in 4.0 solution (pink) and stir 
5. Press Std twice 
6. Rinse probe with water 
7. Place probe in 7.0 solution (yellow) and stir 
8. Press Std twice 
9. Rinse probe and place back in 4.0 solution 
10. If pH is not 3.98to 4.02 repeat steps 3-9 
11. If pH is acceptable, place probe in sodium acetate solution 
a. Be careful not to submerge probe 
b. No not allow liquid to enter open hole on top of probe 
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Appendix D 
ROOT COLLAR - ROOT PREDICTION 
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Sucrose 
The CORR Procedure 
5 Variables: RC One Two Three Av 
Simple Statistics 
Variable N Mean Std Dev Sum Minimum Maximum 
RC 80 0.07110 0.07013 5.68800 0 0.39500 
One 80 0.13460 0.11217 10.76800 0 0.57600 
Two 80 0.26893 0.23522 21 .51400 0 1.11500 
Three 80 0.32569 0.33622 26.05500 0 2.40000 
Av 80 0.24301 0.20906 19.44100 0 1.36400 
Pearson Correlation Coefficients, N = 80 
Prob > |r| under HO: Rho=0 
RC One Two Three AV 
RC 1.00000 0.26207 0.21103 0.14360 0.20298 
0.0189 0.0602 0.2038 0.0709 
One 0.26207 1.00000 0.68692 0.63701 0.77816 
0.0189 <.0001 <.0001 <.0001 
Two 0.21103 0.68692 1.00000 0.80960 0.93197 
0.0602 <.0001 <.0001 <.0001 
Three 0.14360 0.63701 0.80960 1.00000 0.95365 
0.2038 <.0001 <.0001 <.0001 
Av 0.20298 0.77816 0.93197 0.95365 1.00000 
0.0709 <.0001 <.0001 <.0001 
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Glucose 
5 Variables: RC One Two Three Av 
Simple Statistics 
Variable N Mean Std Dev Sum Minimum Maximum 
RC 80 0.08963 0.06609 7.17000 0 0.31200 
One 80 0.13503 0.07951 10.80200 0 0.31200 
Two 80 0.19385 0.11016 15.50800 0 0.60800 
Three 80 0.24049 0.12203 19.23900 0 0.76800 
A v 80 0.18978 0.09077 15.18200 0 0.52300 
Pearson Correlation Coefficients, N = 80 
Prob > |r| under HO: Rho=0 
RC One Two Three Av 
RC 1.00000 0.55660 0.34278 0.30785 0.43874 
<.0001 0.0019 0.0055 <.0001 
One 0.55660 1.00000 0.55334 0.50652 0.74364 
<.0001 <.0001 <.0001 <.0001 
Two 0.34278 0.55334 1.00000 0.78657 0.91927 
0.0019 <.0001 <.0001 <.0001 
Three 0.30785 0.50652 0.78657 1.00000 0.91508 
0.0055 <.0001 <.0001 <.0001 
Av 0.43874 0.74364 0.91927 0.91508 1.00000 
<.0001 <.0001 <.0001 <.0001 
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Fructose 
5 Variables: RC One Two Three Av 
Simple Statistics 
Variable N Mean Std Dev Sum Minimum Maximum 
RC 80 0.40441 0.09238 32.35300 0.20000 0.81300 
One 80 0.48768 0.15449 39.01400 0.19900 1.00700 
Two 80 0.57049 0.15984 45.63900 0.29700 1.00800 
Three 80 0.63064 0.16964 50.45100 0.10400 1.16400 
Av 80 0.56296 0.14009 45.03700 0.26600 0.95300 
Pearson Correlation Coefficients, II OO
 
O
 
Prob > |r| under HO: Rho=0 
RC One Two Three Av 
RC 1.00000 0.52309 0.41438 0.30992 0.47456 
<.0001 0.0001 0.0051 <.0001 
One 0.52309 1.00000 0.61596 0.51199 0.80870 
<.0001 <.0001 <.0001 <.0001 
Two 0.41438 0.61596 1.00000 0.75875 0.91299 
0.0001 <.0001 <.0001 <.0001 
Three 0.30992 0.51199 0.75875 1.00000 0.88049 
0.0051 <.0001 <.0001 <.0001 
Av 0.47456 0.80870 0.91299 0.88049 1.00000 
<.0001 <.0001 <.0001 <.0001 
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Xylose 
5 Variables: RC One Two Three Av 
Simple Statistics 
Variable N Mean Std Dev Sum Minimum Maximum 
RC 80 0.14558 0.06726 11.64600 0 0.42800 
One 80 0.18779 0.08286 15.02300 0.09600 0.52700 
Two 80 0.28025 0.15254 22.42000 0 0.96000 
Three 80 0.35288 0.21220 28.23000 0 1.05600 
Av 80 0.27363 0.13205 21.89000 0.03600 0.82400 
Pearson Correlation Coefficients, N = 80 
Prob > |r| under HO: Rho=0 
RC One Two Three Av 
RC 1.00000 0.37336 0.14088 0.16605 0.22080 
0.0006 0.2126 0.1410 0.0490 
One 0.37336 1.00000 0.52908 0.38633 0.61969 
0.0006 <.0001 0.0004 <.0001 
Two 0.14088 0.52908 1.00000 0.84612 0.94917 
0.2126 <.0001 <.0001 <.0001 
Three 0.16605 0.38633 0.84612 1.00000 0.94236 
0.1410 0.0004 <.0001 <.0001 
Av 0.22080 0.61969 0.94917 0.94236 1.00000 
0.0490 <.0001 <.0001 <.0001 
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Starch 
5 Variables: RC One Two Three Av 
Simple Statistics 
Variable N Mean Std Dev Sum Minimum Maximum 
RC 80 0.65500 0.42721 52.40000 0 2.80000 
One 80 1 .31250 0.76842 105.00000 0 4.70000 
Two 80 1.76000 1.19679 140.80000 0 7.30000 
Three 80 1.98375 1.62757 158.70000 0 9.30000 
Av 80 1.68543 1.07491 134.83400 0.06700 6.16700 
Pearson Correlation Coefficients, N = 80 
Prob > |r| under HO: Rho=0 
RC One Two Three AV 
RC 1.00000 0.76290 0.58667 0.40527 0.60409 
<.0001 <.0001 0.0002 <.0001 
One 0.76290 1.00000 0.72978 0.56270 0.79316 
<.0001 <.0001 <.0001 <.0001 
Two 0.58667 0.72978 1.00000 0.76415 0.93072 
<.0001 <.0001 <.0001 <.0001 
Three 0.40527 0.56270 0.76415 1.00000 0.92242 
0.0002 <.0001 <.0001 <.0001 
Av 0.60409 0.79316 0.93072 0.92242 1.00000 
<.0001 <.0001 <.0001 <.0001 
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Total Soluble Carbohydrates 
5 Variables: RC One Two Three Av 
Simple Statistics 
Variable N Mean Std Dev Sum Minimum 
RC 80 0.71069 0.21270 56.85500 0.30100 
One 80 0.94506 0.33546 75.60500 0.39600 
Two 80 1.31369 0.55841 105.09500 0.40000 
Three 80 1.54978 0.72373 123.98200 0.40400 
Av 80 1.26945 0.49960 101.55600 0.51300 
Pearson Correlation Coefficients, N = 80 
Prob > |r| under HO: Rho=0 
RC One Two Three 
RC 1.00000 0.50219 0.30538 0.26853 
<.0001 0.0059 0.0160 
One 0.50219 1.00000 0.72178 0.65664 
<.0001 <.0001 <.0001 
Two 0.30538 0.72178 1.00000 0.87751 
0.0059 <.0001 <.0001 
Three 0.26853 0.65664 0.87751 1.00000 
0.0160 <.0001 <.0001 
Av 0.35581 0.80972 0.95782 0.95672 
0.0012 <.0001 <.0001 <.0001 
Maximum 
1 .37500 
1.85600 
3.33900 
5.38800 
3.45800 
0.35581 
0.0012 
0.80972 
<.0001 
0.95782 
<.0001 
0.95672 
<.0001 
1.00000 
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Total Non-Structural Carbohydrates 
5 Variables: RC One Two Three Av 
Simple Statistics 
Variable N Mean Std Dev Sum Minimum Maximum 
RC 80 1.36569 0.51480 109.25500 0.52900 3.72400 
One 80 2.25756 0.95210 180.60500 0.59600 6.31600 
Two 80 3.07369 1.56731 245.89500 0.40000 10.26700 
Three 80 3.53353 2.14422 282.68200 0.40400 14.68800 
Av 80 2.95489 1.41043 236.39100 0.64600 8.16000 
Pearson Correlation Coefficients, N = 80 
Prob > |r| under HO: Rho=0 
RC One Two Three Av 
RC 1.00000 0.69095 0.53959 0.33976 0.52750 
<.0001 <.0001 0.0020 <.0001 
One 0.69095 1.00000 0.72699 0.57971 0.78807 
<.0001 <.0001 <.0001 <.0001 
Two 0.53959 0.72699 1.00000 0.80439 0.94161 
<.0001 <.0001 <.0001 <.0001 
Three 0.33976 0.57971 0.80439 1.00000 0.93515 
0.0020 <.0001 <.0001 <.0001 
Av 0.52750 0.78807 0.94161 0.93515 1.00000 
<.0001 <.0001 <.0001 <.0001 
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